An experimental study of direct and compound nuclear processes in neutron and deuteron induced reactions by Weigold, Erich
AN EXPERBIENTAL STUDY OF DIRECT AND COMPOUND
NUCLEAR PROCESSES IN NEUTRON AND 
DEUTERON INDUCED REACTIONS
by
ERICH WEIGOLD
A thesis submitted to the Australian National University 
in partial fulfilment for the degree of 
Doctor of Philosophy
February 1962
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P R E F A C E
The work reported here was carried out on Cockcroft- 
Walton accelerators at the Australian National University 
between March 1959 and November 1961.
In the first chapter, the broad field of nuclear reaction 
mechanisms is introduced through a brief review of current 
literature, covering the problems studied in the main body of 
the thesis.
Chapter II details a counter telescope and the circuitry 
used in conjunction with it. This equipment was developed in 
collaboration with Ur. R. N. Glover and Mr. K. H. Purser, and 
was designed for a systematic study of the energy and angular 
distributions of the charged particles emitted by nuclei when 
bombarded v/ith 14*8 MeV neutrons. The author v/as responsible 
for the particle identification system. The considerable 
background reduction achieved by this system is discussed in 
some detail.
The above equipment was used to study (n,p), (n,pn) and 
(n,d) reactions in A1 . This work (Chap. Ill) was carried 
out in collaboration with Ur. R. N. Glover; and the results
(ii)
are discussed in relation to compound nucleus and 
direct interaction, and to the Nilsson (rotational) 
model. Further projected studies of a similar nature 
were prevented by the loss of the equipment in the 
disastrous fire of July 6th 1960, which destroyed a wing 
of the Research School of Physical Sciences*
Chapter IV describes the measurement by activation 
techniques of some reaction cross sections in the range 
Z = 25 - JO* The results at 14*5 MeV neutron energy v/ere 
obtained by the author alone. Later measurements in the 
neutron energy range 13«9 MeV to 14*9 MeV were carried 
out jointly with Dr. R. N. Glover. The author is responsible 
for the calculations and for the discussion related to the 
statistical model presented in this chapter.
In the concluding chapter, the question is considered 
whether plane Y/ave stripping theory adequately describes
stripping reactions in which the Q,-value is close to zero
11when the incident deuteron energy is low. Here the B (d,p) 
reactions leading to the ground and first excited states of 
B (O, = 1.14 and 0.19 MeV respectively) were studied in 
detail at 0,7 and 1.0 MeV deuteron energy. The p - Y  
correlation for the reaction proceeding through the first
(iii)
excited state v/as measured, and the spin value of 3+ 
eliminated for this state. The results of this
correlation measurement support the 3- j coupling
i p 11 Qmodel for B . The B (d,&)Be' ground state reaction 
was also studied. The experiment reported in this 
chapter was carried out by the author alone.
No part of the work presented in this dissertation 
has been submitted for a degree at any other University.
Erich Weigold
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C H A P T E R  I
INTRODUCTION
1. GENERAL
Although our knowledge of the interaction between 
nucleons is still far from complete, it has been clear 
for some time that internucleon forces have an extremely 
complex nature. However, even the consequences of a known 
simple interaction are difficult to predict for a many-body 
system such as the nucleus. A great deal of effort has 
therefore been spent on developing simple models each of 
which emphasises a particular aspect of nuclear structure. 
Two of these, the compound nucleus and direct interaction 
models, place emphasis on nuclear reactions; and since 
many of the experimental results reported in the following 
chapters can only be interpreted on the basis of one or the 
other of these two models, a brief outline of their 
properties is presented in this chapter.
Through work on the independent particle model of the 
nucleus (e.g. Ma55) it has become evident that particles
2move relatively independent of each other, and that the
transfer of energy and momentum from the incident particle
to the nucleons of the target nucleus must occur quite
slowly. If one of the colliding particles leaves the
nucleus after the first collision a direct interaction
is said to have taken place. These reactions therefore
-22occur on a time scale of the order of 10 seconds, the 
time required for a particle to cross the nucleus. After 
this initial interaction there may be a series of more 
complicated interactions in which more and more degrees 
of freedom are excited. After a time X , the relaxation 
time of the nucleus, the complexity of excited configurations 
no longer increases and a state of equilibrium is essentially 
achieved. Compound nucleus reactions are those that go 
slower than the relaxation time X .
The direct and compound processes are therefore the 
fast and slow asymptotic limits of nuclear reactions. 
Unfortunately there are at present no useful theories (only 
formal ones) which cover the direct, compound and inter­
mediate processes on a unified basis. It is therefore 
important for the experimenter to realize which one (if any) 
of the limits may be expected to apply in a particular case. 
In the remainder of the chapter, therefore, the range of the
-  3 -
validity of the above two models, as well as their 
predictions concerning cross sections, energy and 
angular distributions, and polarizations, are discussed 
in some detail.
2. COMPOUND NUCLEAR PROCESSES 
2*1. General
Compound nuclear reactions can be split into three 
regions, the boundaries of which depend on properties of 
the intermediate compound nucleus, whose lifetime must 
be longer than the relaxation time T  • These properties 
are the compound nucleus level width P and the average 
level spacing D.
When P/D «  1, a situation which is commonly met at
low energies and in light elements, we are in the region
of the compound nucleus resonance model. In this case we
are exciting one definite quantum state of the system and
the properties of such a state must be independent of the
way in which it was formed. One thus finds, in the absence
of non-resonance processes, that the cross section naturally
factorizes into two steps corresponding to the cross section
for formation of the compound nucleus (a ) and to itsc
subsequent decay, the latter step being independent of the
-  4 -
manner of formation. Due to considerations of parity, 
the angular distribution of the reaction products involves 
only even Legendre polynomials and it is therefore symmetric 
about 90 degrees. Deviation from symmetry about 90° can 
occur if non resonant reactions also take place.
As the excitation energy of the compound nucleus is 
increased, both the width and the density of levels increases 
until r ~ D  at which stage overlapping of levels occurs. In 
this region, where either the energy resolution is poor enough 
or the levels begin to overlap, the relative phases of the 
several quantum states which can be excited in the reaction 
will depend on the mode of formation and the independence 
hypothesis no longer holds. Similarly, due to interference 
between levels of different parity, the angular distribution 
of the reaction products need no longer be symmetric about 90°*
When the density of overlapping states becomes very large 
( r ’/D »  1) a new possibility arises. So many states are 
involved that even though their relative phases depend on the 
mode of formation it is possible to treat them as random for 
the decay process. This is the region of the compound nucleus
statistical model.
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2.2* The Statistical Model
In general the phases between different transition 
amplitudes interfere. In the region of the statistical 
model it is assumed that all the phases are random, and 
therefore that the most probable value of these interference 
terms is zero, although large fluctuations about zero may be 
expected (Er60). Thus the usual hypothesis, that the decay 
is independent of formation, is not strictly true, and 
asymmetry about 9^° and. polarization effects are possible.
These fluctuations in the angular distributions and polarizations 
may be large and should vary quite rapidly, but they are damped 
out on averaging either over an incident energy A  E or over 
many (n) final states or both. Ericson (Sr60) has shown that
by such averaging the fluctuations of the cross section or
JLn AE
P relativeangular distributions will be of the order of 
to the average value. As the compound nucleus retains memory 
of the parity % and total angular momentum J, the expression 
for the cross section breaks up into a sum of terms of the same 
total angular momentum and the same parity, each term factorizing 
into a formation and a decay part.
The well-known result, the isotropy of reaction products 
when the residual nucleus is highly excited, follows on
-  6 -
a r is in g  in  the  ex p ress io n  fo r  the  c ro ss  s e c t io n , a re  
independent of the  channel sp in  ’ s*, and th a t  th e  d e n s ity  
o f s t a t e s  o f sp in  J  in  the  re s id u a l  n u c leus i s  2J + 1 
(La58, Fe60b). Complete independence between the fo rm ation  
and th e  decay o f the  compound nucleus i s  o b ta ined  i f  i t  i s  
f u r th e r  assumed th a t  th e  tran sm iss io n  c o e f f ic ie n ts  a re  
independent o f the sp in  J c  o f the compound nucleus ( i . e .  
i f  i t  i s  assumed th a t  th e  tra n sm iss io n  c o e f f ic ie n ts  depend 
only  on th e  o r b i t a l  an g u la r momentum t  ) • U n fo rtu n a te ly  
th ese  assum ptions a re  n o t s t r i c t l y  t r u e .  Due to  s p in -o rb i t  
coup ling  the  tra n sm iss io n  f a c to r s  w i l l  depend (a lthough  
p robab ly  only  weakly) on the  channel sp in  and to t a l  an g u la r 
momentum. Furtherm ore th e re  a re  th e o r e t ic a l  as w ell as 
experim en tal reaso n s fo r  ex p ec tin g  the  sp in  d is t r ib u t io n  
to  be m odified  from the  (2J + 1) law by the  in c lu s io n  o f a 
Boltzmann f a c to r ,  th e  r e s u l t in g  d e n s ity  o f le v e ls  of sp in  
J a t  an e x c i ta t io n  energy U being  of th e  form
Er o t
T
(1)
2 —2where a = j T t  , T being  th e  n u c lea r tem peratu re  [d e f in e d  
by Eq. (ö )J and $  the  moment o f i n e r t i a  o f the  n u c leu s .
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2.2.1. Energy Spectra
By removing the restrictions imposed by angular 
momentum considerations (which is equivalent to making 
the Bohr hypothesis) the cross section for the reaction 
a + X — >C — »Y+b can be factored into a formation and 
decay part
PJeJ
c(a,b; E^) = oc(a) — p--- , (2)
where is the cross section for formation of the compound 
nucleus and P^(E^) the probability per unit time of emitting 
a particle b with an energy E^, and P the total probability of 
decay. By applying the principle of detailed balance, which 
relates the probability of the decay of the compound nucleus 
to that of its formation, P^(E^) can be calculated (e.g. B152, 
Er60) giving
a(a,b; 2^) » k <Jo(a) gb pfe2 aQ*(b) <pY (üb) » (3)
where
the sum being taken over all decay channels b 1; a *(b) iso
the cross section for formation of the compound nucleus when
a particle b of energy E^ is incident on the residual 
nucleus Y at an excitation energy ^.(U ) is the
level density of the residual nucleus at the excitation 
energy U^; is the momentum of b; and g^ is the 
statistical weight factor (2s ^  + 1)•
Neglecting gamma emission and introducing non 
relativistic channel energies for the particles, this 
reduces to the well-known form of the Weisskopf-Ewing 
formula (We40)
a(a,bi Eh) - k 0Q(a) gb \  ®o*0>) ?Y(nb) •
The formation of the compound nucleus is determined 
essentially by the (now spin independent) transmission 
factors through
a, (a) = T.X2 (2e +1)T{ (Ea) ,
f
and these factors can be calculated from a suitable model 
such as the optical model (e.g. Fe53)*
The dynamics of the decay process are contained in
* the
the inverse cross section ac (b), while/remaining factors 
are due to the phase space available to the decaying 
particle« Since the inverse cross section refers to 
capture of the particle by an excited nucleus, it cannot
-  9 -
be determined experimentally. It is therefore the
practice to replace the inverse cross section by the
cross section for the nucleus in the ground state
[ac(b)] and to assume that they are equal [ i.e. a
a (b) ] • Although it is not evident that the shape and
size of the nucleus and the barrier penetrabilities will
remain independent of the excitation energy of the nucleus,
c * is not expected to deviate strongly from a below c c
approximately J>0 MeV. This question is taken up in more 
detail in Section 5»4« of Chapter III.
2.2.2. Level Densities
Since the Weisskopf theory involves only the ratio of 
level densities, absolute values cannot be inferred from a 
comparison of the theory with experiment. Nevertheless the 
variation of the level density with the excitation energy 
can be obtained, and this is done most directly by a study 
of the energy spectrum of emitted particles, as it contains 
the factor aQ*(b) j^(U^).
The simplest model used in the calculation of level 
densities is the Fermi gas model, which gives (Be37> Le59)
y(u) = C U"xexp [2(aü)i] f (7)
-  10 -
where the level density parameter "aM should be 
independent of the excitation energy and proportional 
to the atomic number (of the order of 0.1A), and x can 
be either ^ or 2,depending respectively on whether the 
spins of the levels are ignored or taken into account.
As the nuclear temperature T is defined by
? = ir loe ? (u> - fe)
,a' can be derived from measurements of U and T through 
U
El f
T‘
Since the temperature T is measured near the range of 
energies for which the spectrum is most accurately 
determined, i.e# near the average energy, the excitation 
energy U to be used in Eq. (9) is the average excitation 
energy of the residual nucleus.
The common practice has been to write the density of 
states in one of the following two simpler forms - 
C exp [2(aU)^~] or C exp [u/t] (which is equivalent to the 
form C exp [-E/Tj ) - but due to the neglect of the energy 
dependent pre-exponential factor these are not good 
approximations to the theoretical level densities at low
excitation energies
-  11
The simple Fermi gas theory ignores several effects 
which have a profound influence on the level densities. 
Because of nucleon pairing effects, even nuclei are 
expected to have (at least at low excitation energies) 
a smaller level density than odd-proton and odd-neutron 
nuclei, and the latter in turn a smaller level density 
than odd nuclei. It has been suggested (We47) that effects 
of this type can be compensated for by letting the constant 
C depend on the nuclear type. Alternatively it has been 
suggested that correction for this effect be made by 
measuring the excitation energy from a characteristic 
energy surface,which may be different from the ground state 
mass surface (Hu 512-)* This is equivalent to replacing the 
excitation energy U in Eq. (7) by U - cA, where A may be 
regarded as the energy necessary to break a nucleon pair, 
and c = 0, jf and 1 for odd, odd-even and even nuclei 
respectively. Both this effect and the influence of 
nuclear shell structure on the level density have in recent 
years received considerable theoretical attention (e.g. 
Ne56, R057, Ca58, La59)•
2.2.5* Cross Sections
The theory also makes predictions concerning total 
cross sections and cross section ratios. For example from
12 -
Eq. (5) we have
showing that, due to the influence of the Coulomb barrier
fton the transmission factors and therefore on a , neutronc
emission is generally favoured over charged particle emission.
ft
In addition, if the usual assumption is made that o = a ,o c
and if the Q, values for the reactions are known, the ratio of 
the level densities of the two residual nuclei can be 
calculated from the measured cross section ratio.
If it is energetically possible for a nucleus to emit 
a heavy particle (such as a nucleon) it usually does so very 
rapidly, and the intrinsically slower mode of de-excitation 
by the emission of electromagnetic radiation competes only 
weakly. Thus,if the first particle emitted from the compound 
nucleus leaves the residual nucleus with sufficient energy to 
enable it to emit a second particle,it will generally do so, 
and therefore cross sections for reactions such as (n,2n) and 
(n,np) can be calculated relatively easily.
The statistical model predicts only a minimum cross 
section and any special type of reaction mechanism which will
-  13 -
make the reaction go with a larger cross section
automatically dominates the reaction. One of the first
experiments bearing on this was carried out by Paul and
Clarke (Pa53)• Using 14*5 MeV incident neutrons and
activation techniques they measured (n,p), (n,a) and (n,2n)
cross sections over a large range of mass numbers A. The
ratio of observed to calculated cross sections for the (n,p)
and (n,a) reactions rose from approximately uniiy for mass
3 4numbers near 25 to roughly 1Cr and 10 respectively for mass 
numbers around 200, whereas it remained near unity for all 
values of A in the case of the (n,2n) reactions. For the 
large values of A the Coulomb barrier depresses the compound 
nucleus cross sections for charged particle emission since 
this mechanism favours the emission of low energy particles 
(due to the much greater level density at high, excitation)• 
It was therefore conjectured that direct interactions had 
become important. This left unanswered the question of what 
form the energy and angular distribution of these direct 
interaction particles took. In recent years a great deal of 
effort has been spent on this question and much of the 
material presented in the following two chapters is devoted
to it
-  14 -
3 « DIRECT INTERACTION PROCESSES 
3.1. General
The other asymptotic limit of nuclear reactions, the 
direct or fast reaction, has in recent years become of 
great importance as a source of information on nuclear 
structure. Such reactions involve only a few degrees of 
freedom of the nuclei, and these are usually represented 
by either single particle or collective modes of excitation. 
Almost all of the current direct interaction theories start 
with first order perturbation theory, which gives
a(e) m 2 ^  v - T
ki fi
(11)
where the transition matrix elements are written in the form
(12)
't
and V is an interaction energy. The initial and final wave 
functions, '\j/7 and break up into eigenfunctions "X l°r
the initial and final states (these contain all the nuclear 
model information) and into projectile wave functions (j) , 
which contain any effects due to distortion of the incident 
and outgoing waves by the nucleus. The various direct inter­
action theories differ mainly in their choice of 'X , (j? , V, 
and the mathematical approximations used. The simplest of the
-  15 -
direct interaction theories (e.g. Au53> Bu57a, Hu51,
Ha55, B158) share the common assumptions, irrespective 
of the model (e.g* single particle or collective) chosen 
to represent the target nucleus, that:
(a) The projectile wave functions j) can be 
represented by plane waves;
(b) The interaction occurs at a well defined radius 
R near the nuclear surface;
(c) The Born or impulse approximations can be used 
in calculating T^..
In support of (b) it is usually said that deep penetration 
of the incident particle into the nucleus will generally 
lead to compound nucleus formation. In addition the 
absorption is expected to take place primarily near the 
surface of the nucleus, the region in which the imaginary 
part of the optical model potential peaks.
A better approximation would be to take the Coulomb 
and nuclear distortions of the incoming and emitted particles 
into account and extending the calculations throughout the 
nuclear volume. This is attempted in the distorted wave Born 
approximation, in which the complete wave function is replaced 
by the wave function which describes only the elastic 
scattering in the relevant channels. This is equivalent to 
assuming elastic scattering dominates and that the reaction
-  16 -
may be treated as a perturbation on this.
In contrast to the evaporation process, direct 
processes generally favour residual states of low 
excitation since these states are most strongly coupled 
to the ground state of the target nucleus through the 
operator V (see Eq. 12).
3*2. Direct Interaction in Inelastic Scattering
One of the simplest and earliest theories for inelastic
scattering to discrete final states by a direct process is
the theory for (n,p) nuclear reactions advanced by Austern,
Butler and McManus (Au53)• They assumed the nucleus to be
opaque to the incident and scattered waves and that it would
cause no distortion or shadowing outside a radius r = R (i.e.
plane waves were taken for the incoming neutron and outgoing
proton). Using the impulse approximation and taking V as a
5-function, they calculated the differential cross section
expected when the incoming neutron knocks a loosely bound
proton of orbital angular momentum £ out of the surface of
the nucleus; the incident neutron being captured into a state
of orbital angular momentum 9 . It is assumed that -f andn n
£ are well defined and that Coulomb effects can be ignored.P
They obtained
-  17 -
<j(ö) = (2£p+1 )e (R)^
2%fi£
][UntpOO!lO)2[k (QR)]2, (13)
where the k*s are the free particle wave numbers; Q, is the
momentum transfer; and e (R) is a radial overlap integral,
the
S (R) being proportional to/strength of the two body force. 
Conservation of parity restricts the angular momentum transfer 
Z to all odd or all even values in the range
As the contributions corresponding to different Z values 
add incoherently and are characterized by spherical Bessel 
functions j ^  (whose coefficients are determined by the 
Clebsch-Gordon coefficients), the differential cross section 
is characterized by a series of valleys and peaks, the position 
of the first peak being determined by the lowest allowed Z value» 
In contrast to the stripping formula [Eq. (14) ] , which it 
otherwise resembles quite closely, there is no form factor in 
the above formula to suppress contributions from the higher $ 
values. The second and higher maxima in the angular distribution 
are, however, a direct result of the bla,ck nucleus picture (Hi60), 
which is too extreme for protons and neutrons, especially for 
reactions occurring in light nuclei, although it works quite
-  18
well for OL particles ‘ • For a given momentum transfer £ 
the energy variation of the predicted cross section is slow 
hecause it is chiefly determined by the energy variation of 
the strength of the two body interaction.
The better theories of inelastic scattering to discrete 
final states (Le57> Le60, G159) all find that the angular 
distributions depend mainly on the angular momentum transfer, 
target radius, the mean free path of the particle in the 
nucleus, and the index of refraction of the nucleus* The 
angular distributions are found to be insensitive to the details 
of the nuclear states excited (Hi60). Glendenning (G159) bas 
shown that only the magnitude of the cross section is nuclear 
model dependent. In contrast to stripping and pickup reactions, 
which seek single particle and single hole states respectively, 
it is found (e.g. Co59b) that inelastic scattering strongly 
excites collective states.
3*3* Stripping Reactions
Although the following discussion has been restricted to 
the (d,p) stripping reaction for the sake of definiteness, it 
is also valid for pickup reactions since these are related to
+ The mean free paths in nuclear matter of 10 MeV a particles 
and nucleons are approximately 1 fm and 4 fm respectively.
- 19 -
their inverse, the stripping reactions, by the reciprocity
The earliest theories of deuteron stripping (Bu50, Bu 51> 
Bu52, Bh52, Da52) make use of simplifying assumptions similar 
to those made in the inelastic scattering case discussed 
previously. Coulomb forces, nuclear distortion of the incident 
and outgoing waves, exchange effects and compound nucleus 
formation are all neglected. It is further assumed that the 
reaction occurs at an effective nuclear radius and that the 
stripped particle is free in the stage between leaving the 
deuteron and entering the target nucleus. In the work of Bhatia 
et al. (Bh52) and Daitch and French (La52) the first Born 
approximation was used, although in Butler's original analysis 
a more exact wave fitting procedure was adopted.
The stripped particle goes to a definite quantum state in 
the final nucleus with a definite orbital angular momentum.
The change in energy and momentum are impressed on the wave 
function of the final particle, whose resulting angular 
distribution determines the £ value of the captured particle, 
and therefore the parity change between the initial and final 
states. The differential cross section as given by these 
theories is
theorem of nuclear reactions (Bu57).
2 (14)
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the terms for different £ values again all adding incoherently.
The first of the three factors G (K) is proportional to the 
probability of finding the proton in the deuteron with the
2appropriate momentum K. The second is the reduced width 0  ^, 
which is proportional to the probability that the stripped nucleon 
on arriving at the nuclear surface is captured with an angular 
momentum £ , and it is this factor which contains information 
about the structure of the states involved. The great importance 
of stripping reduced widths stems from the fact that they can 
connect low-lying levels which may be inaccessible to resonance 
reactions, but which are of the greatest interest to current 
nuclear models. In the B o m  approximation the functions (OR), 
where Q, is the momentum transfer, are spherical Bessel functions and 
the similarity with Eq. (13) can at once be seen. As the t values 
must satisfy the conditions of parity and angular momentum conser­
vation, they are restricted to either all odd or all even values 
in the range
Ji i Je ± * m m l s Ji + Je +i > (15)
where and Jq are the spins of the initial and final states 
respectively. These selection rules have led to the widespread 
application of stripping reactions in nuclear spectroscopy studies.
The pure shell model allows only one value of £ , the neutron 
being captured into a definite orbital angular momentum state.
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If the shell model I value is (because of parity) two units 
larger than the lowest value permitted by the selection rules 
(Eq. 15) the first and normally major peak in the angular 
distribution should be absent# Since it requires only a small 
deviation from the shell model wave function before this peak 
can be comparable in height with the second peak, a sensitive 
test of the shell model results (Be52).
Due to the following reasons, however, the test can be 
only used to give upper limits for the admixed impurities in 
the shell model wave functions. Firstly, if the D state of the 
deuteron is taken into account the stripping cross section will 
contain both D-wave and interference terms as well as the 
ordinary S~wave term. The former two mechanisms can supply an 
extra two units of angular momentum and hence could contribute 
to the discussed forward peaks. Even though the pure D component 
may be small, the cross product is likely to be relatively larger 
and not necessarily negligible. Secondly, it is now well known 
(e.g. Br60, Sa6l) that distortion effects can give rise to 
peaking at zero degrees when the orbital angular momentum of 
the absorbed particle is not zero.
When the total wave function of the system is anti­
symmetrized, exchange and interference terms arise as well as 
the ordinary or ’'forward1’ stripping term. In an exchange process
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the outgoing particle comes from the target nucleus while 
the residual nucleus captures the incident deuteron. The 
importance of exchange effects was first recognised by Owen 
and Madansky (Ma55a, Ow57)> who pointed out that it could 
account for the backward peaking observed in some stripping 
reactions. There are two types of exchange processes* the 
knockout process in which the incident deuteron directly 
knocks out the proton^thereby giving rise to forward peaking 
as in ordinary stripping; and secondly heavy particle 
stripping, which gives rise to backward peaking, as the 
following considerations will indicate. In the centre of 
mass system the target (core + proton) approaches the deuteron. 
Due to the interaction between the deuteron and the core the 
latter is stripped off the target nucleus and captured by the 
deuteron while the proton is released. The proton will tend 
to continue in the original direction of the target nucleus, 
i.e. backwards. In exchange stripping another unit of angular 
momentum, positive or negative, is added to the limits of 
simple stripping theory [Eq. (15) ] • At present there is no 
theory to tell us when exchange stripping is expected to be 
important and when not.
Although the Butler theory has had considerable success 
in the interpretation of the angular distributions for deuteron
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energies well above the Coulomb barrier, it is not nearly 
so successful in describing some other aspects of stripping 
reactions. It considerably overestimates the cross sections 
and therefore leads to reduced widths much smaller than those 
obtained by other means. Also contrary to experiment it 
predicts that the outgoing particles are unpolarized. In the 
angular distributions themselves it underestimates the contri­
butions at backward angles relative to those at forward angles. 
Nevertheless the degree to which these simple theories are 
valid is rather surprising because they all involve the 
following basic inconsistency: restricting the interaction
to the surface implies that the nucleus is "black”, but by 
using plane waves it is assumed that no shadow is cast by the 
nucleus.
Tobocman and Kalos (To55) showed that by replacing the 
plane waves in the Born integral by distorted waves a better 
description of the stripping reaction may be obtained. In 
practice the distorted waves are generated by optical model 
potentials such as describe the average observed elastic 
scattering. The rest of the amplitude (Eq. 12) is the matrix 
element of the interaction taken between the initial and final 
nuclear states, and it contains all the information about the 
nuclear structure including the angular momentum selection
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rules» So far in all distorted wave calculations the 
exchange contributions arising from the anti-symmetrization 
of the wave functions have been neglected, the nuclei and 
corresponding distorting potentials considered spherical, 
and the small D state component of the deuteron wave function 
ignored . By making the further assumption that the 
distorting potentials are independent of spin orbit forces, 
Huby et al. (Hu58) derived purely from the symmetry properties 
of the theory equations of connection between the various 
possible angular correlation and polarization experiments. 
These equations provide very useful tests of the distorted 
wave theory. Recently Martin et al. (Ma60) and Kuehner et al. 
(Ku60a) have carried out test cases of (d,pY) angular corre­
lation measurements and found them in agreement with the 
general prediction of the distorted-wave theory.
A detailed distorted wave calculation of any particular 
case can generally only be carried out with the aid of a high 
speed computer. A code including the effects of spin orbit 
terms has been written for this purpose by Dr. B. A. Robson, 
and it allows distorted wave calculations to be carried out on 
the IBM-1620 for inelastic scattering as well as for deuteron 
stripping reactions.
+ The latter assumption is partially justified by the work of 
Weidenmuller (We58).
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The distorted waves have three important effects.
Firstly they modify the shape of the angular distribution 
of the emitted particles. The Coulomb correction reduces 
the total cross section, broadens the peaks, displaces them 
to larger angles, and fills in the valleys. Nuclear 
distortion again lov/ers the cross section, but makes the 
peaks narrower and displaces them to smaller angles.
Distortion can also introduce striking backward peaks (e.g.
Sa6l, Wi60), which used to be taken as a sign of pure heavy 
particle stripping. The backward peaking arises from reactions 
taking place near the centre of the nucleus, and thu3 does not 
appear in any forward stripping theory in which a cut-off 
radius is used. It has already been pointed out that the 
characteristic little peaks observed at 0° can sometimes arise 
purely from distortion effects. The second important effect of 
distortions is that it provides a mechanism by which the 
emergent protons may be polarized, and thirdly it gives rise 
to much more realistic values for the absolute magnitudes of 
the cross sections.
The question now arises under what conditions the distortions 
become small. Wilkinson (Wi58) suggested that if the Q value of 
the reaction is low the angular distribution for the protons 
should be given by the simple stripping theory uncorrected for 
Coulomb and nuclear perturbing effects, even when the deuteron
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■bombarding energy i s  low. His main argument i s  q u ite  
sim ple . I f  the Q, v a lu e  i s  h ig h  and the  deu teron  energy 
low, the  s tr ip p e d  nucleon  must o b ta in  most of i t s  h igh  
l i n e a r  momentum from the  ground s ta te  d eu teron  wave fu n c tio n . 
This can on ly  occur i f  th e  p ro ton  and n eu tron  are  c lo se  
to g e th e r  a t  th e  in s ta n t  o f s t r ip p in g , and thus the p ro to n  
w i l l  s u f f e r  la rg e  n u c lea r and Coulomb d i s to r t io n s .  For 
sm all Q v a lu es  a t  low energy, however, th e  lov/«momentum of 
th e  s tr ip p e d  nucleon can e a s i ly  be ob ta in ed  from the  d eu teron  
ground s t a t e  wave fu n c tio n  even when the  p ro to n  i s  w ell 
removed from the  ta r g e t  nuc leus w hile s t r ip p in g  occu rs, 
red u c in g  r a d ic a l ly  th e reb y  the  p e rtu rb in g  n u c le a r  and Coulomb 
e f f e c t s .
In  a d d itio n  when the  Q, va lue  of the  r e a c t io n  i s  sm all, so 
i s  the  b in d in g  energy o f th e  cap tu red  nucleon  in  the  re s id u a l  
n u c leu s . This means th a t  the  cap tu red  nucleon has a g re a t ly  
in c re a se d  p ro b a b i l i ty  of being found o u ts id e  the  n u c leu s , 
th u s  d ec rea sin g  the r e l a t i v e  im portance o f the  i n t e r i o r .  
W ilk in so n 's  o b se rv a tio n  has been supported  ex p erim en ta lly , 
the  l a t e s t  work being  th a t  o f S e llschop  (Se59> Se60) on the  
L i^ (d ,p )L i8 (ground s ta te )  and C^2(d ,p ) C ^  (3«°9 MeV le v e l)  
r e a c t io n s  f o r  deu teron  en erg ies  between 1.0  and 2*5 MeV.
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3*4» S tr ip p in g  A n t i a r  C o rre la tio n s
The an g u lar d i s t r ib u t io n  of gamma ray s  fo llow ing  a 
s t r ip p in g  re a c t io n  can g ive a d d it io n a l  in fo rm atio n  about the  
s ta t e s  invo lved  and about th e  re a c t io n  mechanism. S ev era l 
au th o rs  (B i52 , Sa52 , Ga52 , Sa53) have shown th a t  in  the  p lane  
wave approxim ation the  an g u lar d i s t r ib u t io n  o f gamma ra y s  
measured in  co incidence w ith  p ro to n s  em itted  a t  a  g iven  ang le  
i s  sim ply th a t  of a  re so n an t (n ,y ) r e a c t io n ,  w ith  the  in c id e n t  
neu tron  d i r e c t io n  being  taken  as th a t  of th e  r e c o i l  nucleus*
Thus i f  th e  ta r g e t  o f sp in  absorbs a  n eu tro n  to  form a 
s ta t e  o f sp in  J^., the  an g u lar c o r r e la t io n  tak es  the  form
(Sa53)
w(e) = eu e . , i Tl Ü3'Ji Je)oLcLIFv ( L W f J e )Pv (co S e)
= ^ a v Pv (cos 9) , (16)
"V
where the  z ax is  has been chosen along the  r e c o i l  d i r e c t io n
and v must be even and 5$ 2 £ , ( j  + j 1) ,  (L +L*) , and 2 J ^ .
0 ^  i s  th e  reduced w idth f o r  cap tu re  w ith  j  = £ +J- and the
reduced  m a trix  elem ent fo r  a  2^ po le  gamma ra y . Under th e
n o rm a liz a tio n  c o n d itio n s  0 CT  ^ = 1*the c o e f f ic ie n t
J ° L L
a Q i s  equal to  u n ity . The c o e f f ic ie n ts  n (Sa53) and. Fy (Bi53)
have been ta b u la te d
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The recoil axis is an axis of azimuthal as well as 
"back forward symmetry. In the compound nucleus model the 
momentum transfer or recoil vector has no particular 
significance, and therefore if the gamma rays show the 
above (or even weaker) symmetries it is convincing evidence 
of the direct nature of the reaction. The angular distri­
bution of the protons (Eq. 14) tells us only the orbital 
angular momentum of the captured neutron, whereas the 
correlation yields information on the relative probability 
of capturing with total angular momentum j £ + i or j *
This is a much more detailed question to ask of the nuclear 
wave function and it can be used to test nuclear models.
The problem of whether distorted wave effects disturb 
the simple p - Y correlation appreciably was investigated by 
Huby et al. (Hu58) and by Satchler and Tobocman (Sa60) for 
the case of spin independent distorting potentials. They 
have shown that for Z = 1 captures, the Y-ray symmetry axis 
is rotated away from the recoil direction and azimuthal 
asymmetry about this axis is introduced; while for captures 
with higher Z there is, in general, no axis of symmetry for 
the gamma rays. For Z = 0 capture the correlation remains 
isotropic. However, the reaction plane always remains a 
plane of symmetry for the Y-rays, that is up-down symmetry 
is preserved.
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It was shown that for £ = 1 captures (the case 
investigated in Chap. V), the correlation can be determined 
completely by carrying out measurements in a single direction 
perpendicular to the reaction plane in addition to measure­
ments in this plane. The measurement perpendicular to the 
reaction plane determines the anisotropy in azimuth about 
the symmetry axis, which must always be of opposite sign to 
that in the reaction plane and is zero in the plane wave 
approximation. The measurements in the reaction plane fix 
the angle through which the symmetry axis is rotated away 
from the recoil direction (which depends only on the nuclear 
overlap integrals, the quantities which require the laborious 
numerical computations to evaluate), and the degree of 
attenuation of the anisotropy from its value in the plane 
wave theory. This attenuation is related simply and directly 
to the proton polarization. When the proton polarization 
reaches its maximum allowed in the present theory, the gamma 
rays are isotropic in the reaction plane.
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C H A P T E R  II
A COMTER TELESCOPE AND PARTICLE IDENTIFICATION SYSTEM 
FOR FAST NEUTRON STUDIES
1. INTRODUCTION
Proton emission from elements bombarded with approximately 
14 MeV neutrons has received considerable attention in the past 
few year's. From a study of the energy spectra, absolute yields, 
and angular distributions of the emitted protons, it is possible 
to derive information on the processes involved in the reaction.
The direct interaction process is of special interest in transitions 
proceeding to low-lying discrete levels of the residual nucleus, 
whereas the compound nucleus contribution to the cross section can 
lead to valuable data on level densities and moments of inertia 
of excited nuclei.
In order to carry out a detailed study on any target nucleus 
it is necessary, in addition to a careful measurement of the 
energy and angular distributions of emitted particles, to identify 
the different charged particles present in the product flux of the 
reaction. This not only ensures that the proton results are not 
distorted by extraneous particles, but it also allows a study of 
other interesting reactions, such as the (n,d) pickup reaction,
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to be made. Unfortunately the major effort in the past 
has been devoted to the measurement of energy spectra at 
a given angle (usually in the forward direction), with 
generally no discrimination being made between protons and 
deuterons, and consequently it has provided little 
quantitative data.
The experimental investigations of (n,p) proton spectra 
fall into two classes by virtue of the two methods of particle 
detection, namely nuclear emulsions and counter telescopes.
In nuclear emulsions the range, ionization, and scattering of 
the particle can in principle be measured, but in the energy 
range of interest (1 — 10 MeV) deuterons and protons are not 
distinguishable by grain counting (1157)» A second disadvan­
tage of this technique is that, due to time consuming analysis, 
adequate statistics are seldom achieved. Similarly, due to the 
complexity of counter telescope techniques, angular distribu­
tions have seldom been measured, and then usually only at large 
angular intervals and without separation of deuterons from 
protons.
The design of counter telescopes for use in neutron 
experiments and associated techniques has been reviewed earlier 
(J056, Ba57> Jo60). Telescopes divide into two classes: wide
angle telescopes suitable for the absolute measurement of fast
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neutron flux and telescopes of small solid angle more 
suited for angular distribution measurements. None of 
the previously reported telescopes are particularly suited 
for angular distribution measurements at backward angles, 
and in addition they are generally so constructed that at 
certain angles (usually near 90°) "the incident beam must 
traverse a flange sideways introducing severe neutron 
scattering. The present telescope was specifically designed 
to allow measurements to be taken at backward angles as well 
as forward angles with negligible scattering.
In addition to the usual circuitry, fast coincidence
circuitry, based on the detection of recoil a particles from
the t(d,n)a reaction, and equipment to separate particles of
different mass were used. An application of the resulting
versatile system to the study of protons and deuterons emitted 
27from Al ' on 14*8 MeV neutron bombardment is reported in the 
next chapter.
2. DESIGN OF COUNTER TELESCOPE
Figure 1 shows a cutaway vie?/ of the telescope, which 
differs from previous designs in that the targets were mounted 
on a strip (A) which moved vertically, instead of a rotatable 
wheel (e.g. J056, Ba57> Ri54, Ri57> Ma58b). This enabled the
Fig. 1 *
A Target strip pressed from 0.008” thick tantalum and 
containing four 1^i! holes for targets. The edges were 
perforated like 35 mm film.
B Steel front wall 0.015" thick over the area surrounding 
the target, and lined with 0.010" thick gold.
C Target strip box. The target strip was guided by two 
grooved steel bars which formed the sides of the box.
To minimise neutron scattering at 90° the box was cut 
away and the guides milled to 0.020" thick where the 
target was exposed.
D Front proportional counter; central wire 0.008M thick 
tungsten with nickel sleeves to limit the sensitive 
length; electrical connection via a spring loaded 
brass plate and Kovar seal.
E External drive for sprocket fitting target strip 
perforations.
F Tantalum stops.
(x Nal crystal held on photomultiplier face (h ) by piano 
wires soldered into sides of reflecting cone (j).
H Dumont 6292 photomultiplier.
I Cathode follower.
J Light reflecting truncated cone coated with MgO (So58).
K Thin gold foil over mouth of cone.
L Tantalum stop defining telescope solid angle.
M Second proportional counter similar in design to first.
N Proportional counter head amplifiers.
Not shown: small plate glass window enabling accurate
positioning of targets by visual alignment.
Lead gaskets used instead of 0-rings.
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■bulk of th e  te le sc o p e  to  be reduced  co n sid e rab ly  and, by 
reduc ing  the  w a ll th ic k n e ss  over the  a re a  (b) surrounding  
th e  t a r g e t ,  n eu tro n  s c a t te r in g  was made n e g lig ib le  
(approx im ate ly  2$) a t  a l l  ang les in  the range 0° -  150° .
The ta r g e t  and d e fin in g  s to p , bo th  2*5 cm in  d iam eter, were 
s e t  15*1 cm a p a r t ,  and the ta r g e t  was p laced  13*1 cm from th e  
n eu tro n  sou rce . With th e se  f ig u re s  the an g u la r r e s o lu t io n  
v a r ie d  from + 7 ° a t  30° to  + 4 °  a t  backward an g le s .
B esides the  ta rg e t  under s tu d y , background b lan k , th ic k
210and th in  po ly thene  r a d ia to r s ,  a sm all Po a - p a r t i c l e  source 
was mounted on the  ta r g e t  s t r i p  to  check the g a in  o f the  
p ro p o r tio n a l c o u n te rs . Continuous c i r c u la t io n  of th e  co u n ter 
gas ( 90$  dry argon + 10$ p u r i f ie d  CO^  a t  a t o t a l  p re ssu re  of 
11 cm of Hg) through a 20 l i t r e  g la s s  r e s e rv o i r  by means of a 
h ea ted  chimney re s u l te d  in  th e  s ta b le  o p e ra tio n  of the  two 
p ro p o r tio n a l co u n te rs  fo r  a p e r io d  o f th re e  weeks. The Nal 
c r y s ta l  gave 5*5$ re s o lu t io n  f o r  14*ö MeV r e c o i l  p ro to n s , no 
d e te r io r a t io n  be ing  observed over a p e rio d  of sev e ra l months.
3- OPERATION OF EQUIPMENT
F igure 2 i s  a s im p lif ie d  diagram  of th e  t a r g e t  a re a , the  
e le c tro n ic  equipment and i t s  o p e ra tio n . R eco il a lpha  p a r t i c l e s  
from the  T (d ,n )a  r e a c t io n  were d e te c te d  in  o rd er to  d e fin e  in
Fig. 2*
I
II
III
IV
FM1
FM2
CF
P
DA
Angular distribution table.
Target under study.
Tritium target.
Stop, diarn 2 mm, at 2.5 cm from tritium target 
to prevent movement of defined neutron cone. 
Recoil o-particle detector; plastic scintillator 
0.05 mm thick on RCA 6655A photomultiplier, 
o-particle flux monitor; Csl crystal O.O5 mm 
thick on Dumont 6292 photomultiplier.
Cathode follower.
Preamplifier.
Distributed amplifiers Hewlett Packard Types 
460A + B.
DD2
A1, A2
P.I.S.S.
LPS
L
A5
B
Fairstein double delay line amplifier. 
Conventional high gain amplifiers.
Particle identification and selection system. 
Least pulse selector.
Pulse lengthener.
Long tailed pair amplifier.
Brightening pulse to cathode ray tube grid.
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space a  narrow n eu tro n  cone ( a t  an angle of JO0 w . r . t .  
in c id e n t  deu teron  d i r e c t io n  and of an g u la r w idth 13°) 
w ith in  which the  t a r g e t  under s tudy  had to  be lo c a te d .
This was achieved  by re q u ir in g , p r io r  to  the  u su a l t r i p l e  
co in c id en ce , a  f a s t  co incidence  between th ese  cl p a r t i c l e s  
and p u lse s  in  the  s c i n t i l l a t i o n  co u n te r . The ta r g e t  was s e t  
in  th i s  cone by m axim ising the count r a t e  from the th ic k  
an n u la r ra d ia /to r , whose e x te rn a l d iam eter was s l i g h t ly  
g r e a te r  than  th a t  of th e  ta r g e t  to  be studied* The re so lv in g  
tim e o f the  f a s t  co incidence  c i r c u i t  was 25 n s , long enough 
to  allow  f o r  the  sp read  in  f l i g h t  tim e through the te le sc o p e  
o f p ro to n s  in  the energy range 1 - 1 5  MeV. The 6 BN 6 f a s t  
co incidence  c i r c u i t ,  which gave a c o in c id e n c e /s in g le s  r a t i o  
o f 15:1 w ith  a  s p e c ia l ly  s e le c te d  6 BN 6 v a lv e , was opera ted  
as d e sc rib e d  by Green and B e ll (G r58)•
The observed d i s t r ib u t io n  of r e c o i l  p ro tons from the
%
th in  r a d ia to r ,  and th e  observed shape of the  energy spectrum  
a t  v a r io u s  an g les on each s id e  o f 0 ° , were compared w ith  the  
c a lc u la te d  d i s t r ib u t io n  and spectrum  shape. The good ag ree ­
ment o b ta ined  proved th a t  an g u lar d is t r ib u t io n s  could  be 
m easured a c c u ra te ly  w ith  the above equipment. The minimum 
p ro to n  energy d e te c te d  was determ ined by comparing the  r a t i o  
o f observed r e c o i l  p ro to n  counts a t  65° and 0° w ith  the
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computed r a t i o ,  assuming d i f f e r e n t  minimum e n e rg ie s .
An energy o f 1 MeV was found to  be a reaso n ab le  low er 
l im i t  i f  15 MeV p ro to n s  were a lso  to  be d e tec te d .
4. NEUTRON FLUX MEASUREMENT
B enveniste  e t  a l .  (Be54, Be59> Be60) showed th a t  the  
neu tro n  f lu x  could be measured a b so lu te ly  to  an accuracy  
of + 2$  by d e te c tio n  of th e  r e c o i l  c u p a r t ic le s  in  a sm all 
known s o l id  an g le . D e tec tio n  o f r e c o i l  p ro to n s  from a  th in  
r a d ia to r  in  a  coun ter te le sc o p e  a lso  g iv es  ab so lu te  f lu x  
measurements to  an accu racy  of 2$. As in  the  p re se n t case 
th e se  two independent methods c o n s is te n t ly  agreed to  w ith in  
j/o, the  f lu x  was presum ably measured a c c u ra te ly , and a l l  th e  
p a r t i c l e s  r e c o i l in g  w ith in  th e  s o l id  ang le  o f th e  te le sc o p e  
d e te c te d .
The r e c o i l  p ro to n  count in c re a se d  by approx im ately  10$ 
when the  slow (energy) p u lse  from the s c i n t i l l a t i o n  co u n ter 
was used  as the  th i r d  in p u t to  th e  t r i p l e  co incidence u n i t .  
S ince th e se  a d d it io n a l  p ro to n  counts had no a s s o c ia te d  a lpha  
p a r t i c l e s ,  the  e f f e c t  was p robab ly  due to  e l a s t i c a l l y  
s c a t te r e d  n e u tro n s , presum edly from the  ta r g e t  assem bly, as 
th e  mass of p o s s ib le  s c a t te r in g  m a te r ia l  was m inim ized only 
in  the  d i r e c t io n  o f th e  neu tron  cone. This p o in t i l l u s t r a t e s
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the advantage of the fast coincidence system in providing 
a ’’clean” neutron beam.
5. PARTICLE IDENTIFICATION 
5*1» General
Ideally one wishes to measure the mass and the charge 
of each particle in the product flux of a nuclear reaction.
In practice this requires the knowledge of at least two of 
the following dynamical variables: velocity, range, energy,
specific ionization, and momentum. In counter telescopes the 
two quantities which may conveniently be used for particle 
identification are the specific ionization (which is measured 
by the proportional counters) and the energy E (which is 
measured by the scintillation counter).
Simplification of Bethe’s (Be32) extensive calculations 
on specific ionization leads to the result that the mean energy 
loss experienced by a particle of mass m, charge ze, and energy 
E, in passing through matter is given approximately by
where *n* is a parameter varying slowly with the energy. When 
the absorbing material is argon, ,n* varies from 0.7 - 0.8 as 
the proton energy is varied from 2 - 1 6  MeV. The above 
approximation is quite good if the particle looses a negligible
dE
dx (1)
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fraction of its energy in the ~  detector.
Particle separation can therefore he attempted by 
multiplying the E and —  pulses electronically (Wo55> St58, 
Br58, St60a), the resultant product being proportional to
15 MeV) to be separated from low energy deuterons (1 - 4 MeV) 
produced in 15 MeV neutron induced reactions, it does enable 
protons to be separated from deuterons of approximately the 
same energy. The constancy of the product with respect to 
energy can, however, be considerably improved (see fig. 3)> 
and separation attained over a wider energy interval, by 
adding a constant (or voltage bias)K, depending on the energy 
interval of interest, to the energy pulse before multiplication; 
i.e.
Any statistical fluctuation in the energy loss about its 
mean value will, of course, make particle separation more 
difficult. Landau (La44) and Symon (Sy48) have shown for the 
present case, where the average energy loss of a particle 
traversing a counter is comparable to the maximum energy 
which can be imparted to an electron in a single collision,
z m M  . Although this product is not independent
of the energy, and does not allow high energy protons (9 -
f°*75)Ä> Const. (2)
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the statistical fluctuations about the mean are large 
and the distribution has a high energy tail (figs. 3 and. 4)• 
Increasing the thickness of the counter within practical 
limits does not appreciably change the frequency distribution, 
the ’'resolution1' being given approximately by E^*^(m°*^z x£) \  
where x is the counter thickness (Wo55)•
Since there are generally many more protons than deuterons
in the product flux of fast neutron reactions, the high energy
tail in the proton product ( E + K ) ~  tends to conceal the
presence of deuterons, making separation of these two types
of particles difficult. Igo and Eisberg (lg54) have pointed
out, however, that the specific ionization measurements can be
considerably improved, and the high energy tail largely removed,
dEif the output from several ~  counters are passed through a 
least pulse selector.
The simple method (lg54, Ch56, Ma58c, Ru60) of applying 
simultaneously the E and —  pulses to the X and Y plates of an 
oscilloscope was employed here to separate the protons from 
deuterons. Besides its simplicity, this method has the 
additional advantage, of particular importance to experiments 
requiring long running times, that it enables the data to be 
reanalyzed and rechecked at will.
Fig. 5» Calculated distributions of the products E ~  
and (E + 1.5) —  for protons and deuterons of various 
energies passing through 5 cm of argon at 12 cm pressure. 
The calculations were based on the work of Symon (Sy48), 
which has been summarized by Rossi (R052).
WITH LP S.
WITHOUT L.PS.
LANDAU SYMON 
DISTRIBUTION
40
ARBITRARY UNITS
Fig. 4« The observed distribution of the energy loss 
experienced by 14»8 MeV protons passing through the 
proportional counters both with and without least pulse 
selection (L.P.S.). The experimental points are denoted 
by 0. The theoretical curve ha,s been calculated from 
Rossi (R052) using I = 13z eV.
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5 .2 . D e sc rip tio n  of A pparatus and Method
The s im p lif ie d  —  p u lse s  ( f ig .  2) from the two 
p ro p o r tio n a l co u n ters  were passed through a simple R ossi 
type l e a s t  pu lse  s e le c t in g  u n i t ,  which s ig n i f ic a n t ly  
improved th e  s p e c if ic  io n iz a t io n  measurements ( f i g .  4)•
The o u tp u t from the l e a s t  p u lse  s e le c to r  and the a m p lif ie d  
energy p u lse s  were s tre tc h e d  fo r  8 ps, am p lified  by long 
t a i l e d  p a i r s ,  and then  fed  to  the  X and Y p la te s  o f a  cathode 
ra y  tu b e . When t r i p l e  co incidence  occurred  a delayed  
b r ig h te n in g  pu lse  of 4 ps d u ra tio n  was a p p lie d  to  th e  g r id  
and the  r e s u l ta n t  sp o ts  reco rded  by a. Cosser O sc illog raph  
Camera on Kodak R55 f i lm , the  number o f even ts be ing  re g u la te d  
so th a t  no s ig n i f ic a n t  overlapp ing  of sp o ts  occurred .
The equipment was s e t  up fo r  the id e n t i f i c a t io n  o f p ro tons 
and d eu terons by exposing th ic k  po ly thene  and d e u te ra te d  
p o ly thene  r a d ia to r s  s im u ltaneously  to  th e  neu tron  beam, and 
f ilm in g  the r e s u l ta n t  sp o t d i s t r ib u t io n  on the  cathode ra y  
tu b e . The product (E + 1.5)~j^ was o b ta in ed  fo r  each re p ro je c te d  
spo t from a s e t  of c a lc u la te d  h y p erbo lae . The constancy  o f th is  
p roduct w ith  re s p e c t to  energy was n o t n ecessa ry  b u t f a c i l i t a t e d  
i n i t i a l  f ilm  a n a ly s is .  Typical s e p a ra tio n s  a t ta in e d  a re  shown 
in  f ig u re  5« In  t h i s  way an a n a ly s is  c h a r t  ( f ig .  6) was 
o b ta in ed  d e lin e a tin g  a re a s  w ith in  which a spo t had to  l i e  to  be 
i d e n t i f i a b le  u n q u estio n ab ly  as a  p ro to n  o r d eu teron . P a r t i c le
4-6 MEV2-4 MEV
20 10 
A R B I T R A R Y  U N I T S
Fig. 5» Separation of protons from deuterons for
the energy ranges 2 - 4  MeV and 4 - 6  MeV
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Fig« 6« Analysis chart showing division of frames into 
bands corresponding to protons and deuterons.
Fig» 7» Typical frame from the neutron bombardment of 
aluminium, showing the proton and deuteron hyperbolae 
and random events clustered near the origin.
Fig. 8. Typical frame from the neutron bombardment of the 
platinum target backing, illustrating the large background 
reduction achieved by the rejection of random events from 
the proton and deuteron "hyperbolae".
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identification was swift, but the extraction of energy
spectra by the addition of dots in each channel was
relatively slow, although in the present case it was
limited by the rate of accumulation of experimental data.
Figures 7 and 8 show typical frames of film obtained by
2?neutron bombardment of an A1 target and a platinum 
'’background” blank respectively.
6. COUNTER TELESCOPE BACKGROUND
As the whole of the counter telescope is exposed to 
the neutron flux, extreme care must be taken in the design 
of a telescope to ensure that those parts which are viewed 
by the scintillation counter contribute fewer counts than 
the target itself. One of the important advantages of the 
mass identification system is that the extra dimension it 
adds to the data considerably reduces the number of background 
events* The telescope background may be due toi
(1) accidental coincidences;
(2) particles produced by neutron induced reactions in 
the Nal crystal traversing the telescope towards 
the front;
(3) particles from reactions in the gas of the front 
proportional counter;
(4) particles from the gold absorber lining the front
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wall (to remove protons from the thin steel 
wall) and from the target backing.
The first of these, the random coincidence rate, is 
given by
Nr = 3 T  + 2 T  , (3)
where T  is the resolving time of the triple coincidence
unit, , N^, and the uncorrelated count rates in the
three counters, and N.. the true coincidences betweenij
neighbouring counters i and j. Since the singles count 
rate in each detector rises very rapidly with the decreasing 
pulse height4*, most of the random events will be grouped 
around the origin of the display unit, and therefore seldom 
satisfy the conditions for identification as a particle.
This tendency for random events to group around the origin is 
enhanced by the least pulse selector. Figure 8 illustrates 
the large background reduction achieved by this removal of 
random events from the "particle region” of the frame. As 
a result of this it was possible to operate at high flux 
(approximately 8 x 10 n/sec into 4*) and yet observe protons 
of energy as low as 1 MeV. The time required to carry out an 
experiment was shortened by an order of magnitude, since
The reasons for this are discussed in some detail in 
reference Jo60.
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without this equipment, random coincidences restricted 
the maximum flux to approximately 10 n/sec. The rejection 
of random events from the background is also illustrated 
in figures 9 and 10, since the neutron flux through the 
scintillation crystal and second proportional counter, and 
therefore also the number of random events, increases rapidly 
with the angular setting of the telescope, whereas the 
observed background decreases with increasing angle.
A simple calculation shows that at backward angles, 
where the crystal is close to the neutron source, more protons 
traverse the counter tov/ards the front than are formed in the 
thin target and travel to the crystal. The particle identifi­
cation system helps to remove such background particles because 
the “  pulse will tend to correspond to a different energy 
from that left in the crystal. However, this effect explains 
the background increase noted below 4 MeV in the 0° spectrum 
(fig. 10). The contrasting decrease at all forward angles 
(e.g. 40° spectrum) was due to the independent elimination by 
the fast coincidence requirement of such backward traversing 
particles at all angles greater than 17°> the angle at which 
the crystal rotated out of the "tagged" neutron cone.
Least pulse selection reduces the number of background 
events from reactions in the counter gas,because such particles 
will not in general have traversed the full width of the first
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se c tio n s  a re  r e la te d  to  a  7 mg/cm aluminium ta r g e t  of 
t o t a l  mass 45*7 nig; 1.0 m b /sr’MeV i s  approx im ate ly
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eq u iv a len t to  0.01 c o u n ts /se c #MeV a t  a f lu x  o f 8 x 10 
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-  43 -
counter. Moreover, the relatively unfavourable Q values 
and the background decrease below 4 MeV, occurring at all 
forward angles except 0°, suggest that the effect is not 
important. The increase in the number of low energy 
background events observed at the backward angles, e.g. the 
120° spectrum, was caused by a small contribution of random 
events at high flux because of much increased count rates in 
the scintillation and second proportional counters due to 
their proximity to the tritium target.
The decreasing background below 4 MeV suggested the 
effect of the Coulomb barrier of a heavy nucleus. Background 
spectra at all forward angles including 0° exhibited two 
maxima with a minimum around 7 MeV (e.g. the 40° spectrum 
shown in fig. 10). Such a spectrum was predicted by Nemeth 
(Ne58) for protons emitted from a heavy oscillating nucleus.
The strong angular dependence of the total background (fig. 9) 
suggested that the direct interaction mechanism predominated.
The remaining background is therefore probably due to proton 
emission from the platinum target backing and the gold absorber. 
This sets an upper limit of 17 mb for proton emission from 
platinum.
The deuteron background was an order of magnitude smaller 
than the proton background. The peak at forward angles may be
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due to the (n,d) pickup reaction in platinum.
Although the telescope background was small (0.04 c/sec 
o 8at 60 for a A% flux of 8 x 10 n/sec) the above results 
suggest two further improvements:
(i) A carbon liner could be used to absorb particles 
emitted from the walls without itself contributing 
any, since the (n,p) and (n,d) thresholds are very 
high. The target foil must then be unbacked.
(ii) Where a telescope is being used with a polythene
radiator, for example to measure fast neutron flux 
or study (d,n) reactions, replacement by a deuterated 
polythene radiator will, if particle identification 
is also practiced, reduce the background by at least
an order of magnitude
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G H A P T E R___III
PROTONS AMD DEUTERONS FROM Aj27 BOMBARDED BY 
14.8 MeV NEUTRONS
1. INTRODUCTION
Although considerable effort has been devoted in 
recent years to the study of protons emitted from nuclei bombarded 
with approximately 14 MeV neutrons, most of the information 
obtained has been qualitative rather than quantitative in nature. 
Nevertheless, the general characteristics of the proton energy 
spectra have been reasonably well established. Except for a small 
excess of high energy protons, which is attributed to the direct 
interaction process, the proton emission is adequately described 
by the statistical theory of the compound nucleus. The energy 
spectra, which have shown some evidence of level structure, 
generally contain a contribution of low energy protons from the 
(n,np) reaction, as well as protons from the (n,pY) + (n,pn) 
reaction. The work reported in this chapter was undertaken to 
provide quantitative data on proton and deuteron emission from 
aluminium by detailed study of energy and angular distributions.
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The AI (n,p) reaction has been studied mainly by the 
nuclear emulsion technique, a method which suffers from the 
two major disadvantages mentioned earlier; namely that 
adequate statistics are seldom achieved and that protons 
cannot be distinguished from deuterons* Brown et al. (Br57) 
measured the energy spectra in intervals too large to observe 
possible structure* Their angular distributions based on a 
total of 13°0 tracks were presented in three broad energy 
intervals, in all of which there was forward peaicing. Haling 
et al. (Ha57) reported slight evidence of level structure, but, 
in view of the number of tracks analysed (2 ,500) they considered 
the angular distributions to be qualitative, showing isotropic 
contributions plus deviations therefrom in the forward hemisphere 
at all energies. March and Morton (Ma58) compared the energy 
spectra at two angles, one forward and one backward, and noted a 
marked preference for forward emission over the whole energy 
range. Structure was demonstrated, and the observed levels shown 
to be in agreement with known levels of Mg (Hi58). It was 
suggested that the observed low energy peaks were due to deuterons. 
There has been only one attempt at obtaining quantitative 
information on single levels in the residual nucleus* This 
experiment, a nuclear emulsion study by Overseth and Peck (Ov59)> 
suffers not only from poor statistics but also from serious recoil
27
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proton contamination. Their energy distribution reached
a maximum at proton energies greater than permitted by the
Q, value of the (n,p) reaction. At an angle of 20° - 30°
the relative intensity of the group corresponding to
excitation of levels near 3*5 MeV and the ground state
group was 1 : 1.6 , as compared to a mean value of 1 :0 .1
obtained from other experiments (Ha57> Ma58, Co59> Ja60).
It can be shown that for energy ranges covering the ground
27and first excited states of Mg , the angular distribution 
expected from recoil proton contamination would exhibit an 
absence of counts below approximately 20°, a peak around 
30° - 35° f and a decrease at higher angles dependent on the 
geometry and neutron scattering. This was precisely the shape 
observed.
Counter telescopes have been used only to measure the 
energy spectrum at a given forward angle. The group at Milan 
has measured the energy spectrum above 3 MeV several times 
(Co57> C058, Co59)> and Jack and Ward (Ja60) have studied it 
above 6 MeV; both groups obtaining peaks in agreement with the 
known levels of Mg . Storey et al. (St60) used a simple 
scintillation counter, which measured directly the energy 
spectra and cross sections integrated over a large solid angle 
(from approximately 45° to 135°)» As the laboratory energy
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depends on the angle of emission and the centre of mass
energy, most traces of proton transitions to single levels
in the residual nucleus were erased.
Thus, although there is evidence for the excitation 
onof known Mg levels by the (n,p) reaction, detailed angular
distributions, in particular corresponding to the excitation
of single levels, have not been measured.
At intermediate energies the (n,d) pickup reaction becomes
a useful tool in nuclear spectroscopy. Just as stripping
reactions reveal single particle states, pickup reactions reveal
single hole states in the residual nucleus, and they can
therefore be used to obtain information on the ground state wave
function of the target nucleus. The history of the (n,d) reaction
is brief, and in the earliest experiments (Ri54, Ri57> Ca57a) "the
method of identification of the deuterons was tedious,
essentially requiring that the experiment be repeated as often
as the number of peaks to be observed. The emission of deuterons
27 2 6corresponding to the reaction Al '(n,d)Mg has been reported by 
Colli et al. (Co59a), but angular distributions were not measured.
2. EXPERIMENTAL METHOD
The counter telescope and associated equipment have been 
described in the preceding chapter. The target was an aluminium
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foil of diameter 2.9 cm and thickness mg/cm . At each 
of the ten angles studied in the range 0° - 140°, the 
aluminium target and then the platinum blank (background) 
were exposed for a fixed number of recoil alpha monitor 
counts, and the cathode ray tube display filmed. After each 
run the thin polythene radiator was exposed at 0° to check 
the gain of the scintillation counter and the neutron flux 
measurement, and then the telescope was moved to another angle 
chosen at random. Four sets of data, each consisting of four 
runs per angle of observation, were recorded. The absence of 
any systematic asymmetry was continuously checked by carrying 
out, for the angles 20° - 120° inclusive, an equal number of 
runs on both sides of 0°. Additionally one or more of a 
series of checks of the proper operation of the equipment were 
carried out between each run, and a complete series of checks 
was normally undertaken every eight hours. The experiment 
required approximately 250 hours of machine time.
Composite proton and deuteron spectra were built up at 
each angle, and the energy scale corrected for energy loss in 
the proportional counters. The University of Sydney computer 
SILLIAC was then used to accurately correct this data for energy 
loss in the target by an itterative procedure, instead of making 
the usual crude assumption, which is particularly inaccurate at
2
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low energies, that all the particles travel half the target 
thickness. The computer then converted the energy scale to 
oentre-of-mass, corrected for the difference between solid 
angles in the laboratory and centre-of-mass systems, and 
printed out the spectrum in 0.2 MeV intervals in the centre- 
of-mass energy scale.
5. THE REACTIONS Al27(n.p)M,s:27 AND Al27(n.np)Mg26 
3*1 * General
Approximately 3°>000 protons emitted from aluminium were 
recorded. As no 14»8 MeV protons were observed in the 0° 
spectrum, the target was free of water or any other hydro­
genous contamination. The proton spectra (e.g. fig. 11)
27showed distinct peaks corresponding to several known 1% 
levels (Hi60b), the size and position of the peaks agreeing 
very well with those observed by Jack and Ward (Ja60), if 
allowance is made for deuteron contamination of their spectra.
The low cut-off energy (1 MeV) achieved in this experiment 
enabled the maximum in the proton spectrum at 2.2 MeV to be 
observed for the first time in a telescope experiment.
Figures 12 and 13 show the angular distributions divided 
into 1 MeV intervals at low proton energies and in terms of level 
structure (fig. 11 inset) at high energies. That for the lowest
CM  PROTON ENERGY (MEV)
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Fig;. 11. C orrected  p ro ton  energy spectrum  a t  40 .
In s e t :  d i r e c t  in te r a c t io n  c o n tr ib u tio n ; l in e s
27in d ic a te  the p o s it io n  o f the  known Mg le v e l s .
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Broken l in e s  re p re se n t the  compound nucleus c o n tr ib u tio n  
c a lc u la te d  from the  o rd in a te s  of th e  p o in ts  ly in g  on th e  
l i n e s  d e fin in g  th e  tem pera tu res ( f i g .  14)* In  th e  2.1 -  
MeV in te r v a l  p o in ts  a re  shown u n c o rre c ted  (X) and c o rre c te d  
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Fig» 15» Proton angular distributions in terms of the
level structure. (A) ( = 0 fit. (b) / = 1 + 3 Pit for
27the proton group corresponding to transitions to Mg 
levels at approximately 3*5 MeV. (c) / =  1+3 Pit Por 
the transition to the second excited state at 1.69 MeV. 
(D) -/ = 2 Pit for the ground state transition.
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energy in te r v a l ,  2.1 -  3*1 MeV, was a n is o tro p ic . The 
ex p lan a tio n  of t h i s  e f f e c t ,  which was a lso  observed, in  th e  
e a r l i e r  n u c le a r  em ulsion experiments'*" (Br57> Ha57> Ma58), 
i s  q u ite  s im p le . In  the  la b o ra to ry  system  of co o rd in a te s  
th e  energy o f the  em itted  p ro to n  v a r ie s  s ig n i f ic a n t ly  w ith  
the  ang le  of o b se rv a tio n ; fo r  example a  p ro ton  o f c e n tr e -o f -  
mass energy 3 MeV has a  la b o ra to ry  energy v a ry in g  from 3*5 MeV 
a t  0° to  2 .6  MeV a t  140°« T herefore a  f r a c t io n ,  which in c re a se s  
w ith  th e  ang le  o f o b se rv a tio n , o f th e  low energy p ro to n s  i s  
t o t a l l y  absorbed in  the t a r g e t  or degraded to  an unobservab le  
energy . The magnitude o f th i s  e f f e c t  i s  dependent on th e  ta r g e t  
th ic k n e ss  and c o rre c t io n  fo r  i t  p roduces iso tro p y  ( f ig .  12).
Thus below approx im ate ly  4 MeV th e  an g u lar d i s t r ib u t io n s  
a re  i s o t r o p ic ,  bu t above th i s  energy a sm all excess o f counts 
in  the  forw ard d i r e c t io n  i s  observed . This an iso tro p y  in c re a se s  
w ith  energy and i s  very  marked above 6 MeV.
3*2. Corn-pound Nucleus C o n trib u tio n
According to  th e  s t a t i s t i c a l  model (see  Chap. I ,  Sec. 2 .2 . ) ,
27the  d e n s ity  o f le v e l s  in  Mg a t  an e x c i ta t io n  energy U should
n (e ) / \be p ro p o r tio n a l to  jr ; ; where N(E; i s  the in te n s i ty  o f p ro tons
In  th e se  experim ents th e  e f f e c t  was e i th e r  d is re g a rd ed  or 
f a l s e l y  assumed to  be due to  a  d i r e c t  in te r a c t io n  p ro c e ss .
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em itted  w ith  an energy E, and a i s  th e  c ro ss  s e c tio n  fo r
G
the  fo rm ation  o f a compound nucleus when a p ro ton  o f energy
27E i s  in c id e n t  on a 1% nucleus a t  an e x c i ta t io n  energy U 
(= ®max ” E). T here fo re , i f  the  sim ple form exp [ vT] i s  a 
good approxim ation to  the  r e a l  le v e l  d e n s ity , a p lo t  of
n (e )1 v ersu s  E should g ive  a s t r a ig h t  l in e  whose slope
■ c *
depends only on the  n u c le a r  tem peratu re  T. Such conven tional 
s t a t i s t i c a l  th eo ry  p lo ts  were d e riv ed  from sp e c tra  o b ta ined  a t  
backward and forw ard an g les ( f ig s .  14 and 15 r e s p e c t iv e ly ) ,  
u sing*  th e  v a lu es  o f a c a lc u la te d  by S hapiro  (Sh55) fo r  a,
G
square  w ell o f ra d iu s  4«5 fin ( i* e .  r Q = 1*5 fm ).
S tru c tu re  i s  e x h ib ite d  in  th e  s t a t i s t i c a l  th eo ry  p lo ts  
fo r  la rg e  v a lu es  of th e  p ro to n  energy even a t  backward an g le s , 
where th e  d i r e c t  in te r a c t io n  c o n tr ib u tio n  i s  expected to  be 
sm a ll. Moreover, due to  an excess o f low energy p ro to n s , the
p lo ts  cannot be f i t t e d  w ith  a  s in g le  s t r a ig h t  l in e  o f slope
- 1/' T. On fo llow ing  the  u su a l assum ption th a t  th e se  a d d itio n a l 
low energy p ro to n s  a re  due to  th e  (n ,np) p ro cess , the  
tem peratu re  p lo t  b reaks n a tu r a l ly  in to  two p a r t s ,  y ie ld in g  
n u c le a r  tem peratu res o f ( 1«5 5 ±0 »15) MeV and (0 . 49+0*02) MeV 
fo r  th e  re a c t io n s  [ (n,pY) + (n ,pn) ] and (n ,np) r e s p e c t iv e ly .
The u su a l assum ption th a t  a i s  independent o f e x c i ta t io n  
energy was fo llow ed .
T- 0-49 MEV
Fig. 14» Conventional statistical theory plot using the 
cross sections for compound nucleus formation derived hy 
Shapiro (Sh53)• The (n,np) temperature was found from 
points X in the range 1.8 - 3*0 MeV obtained at forward 
angles. The points 0 were given by spectra taken at 
backward angles. The points #  in the range 4.0 - 6.4 MeV, 
which have been corrected for the (n,np) contribution, 
were used to derive the (n,py) + (n,pn) temperature.
T = 0-4 9 M E V
yT = 1-6 MEV
4- ^ -
E (MeV)
Fig. 15« Conventional statistical theory plot derived 
from spectra obtained at forward angles using the cross 
sections for compound nucleus formation derived by 
Shapiro (Sh53)•
C O M P O U N D  N U C L E U S  ( r ^ p n )  +  ( r t , p ) 0  
C O M P O U N D  N U C L E U S  0 " , n p )
S P E C T R U M  A T  4 - 0 *
a 5*0
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C.M. Proton E nergy (Mev)
Fig> 16. Proton energy spectrum at 40° illustrating the 
various compound nucleus contributions as determined from 
the statistical theory plots at backward angles. The solid 
line gives the total compound nucleus contribution; the 
excess high energy protons are presumably due to a direct
interaction process
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Due to  the p resence  o f s t ru c tu re  even in  s p e c tra  taken  a t  
backward an g le s , the  form er tem peratu re  had to  he de riv ed  
by an i t t e r a t i v e  p rocedu re . As a  f i r s t  approxim ation , a l l  
the  p ro to n s  in  th e  energy in te r v a l  1*8 -  3*0 MeV were 
a t t r ib u te d  to  th e  (n ,np) r e a c t io n ,  and the rem ainder o f the 
(n ,np ) spectrum  was then  c a lc u la te d  from the  s t a t i s t i c a l  
th eo ry  p lo t  of th e  s p e c tra  taken  a t  forward an g les  (0° -  50° 
in c lu s iv e ) .  A rough (n ,p ) spectrum  was then  d e riv ed  by 
s u b tra c tin g  the c a lc u la te d  (n ,np) spectrum  from th e  sp e c tra  
taken  a t  backward a n g le s . P o in ts  above 4 MeV were used  to  
g ive  a tem peratu re  of 1*5 MeV, from which an (n ,p ) spectrum  
was d e riv ed  to  c o r re c t  the  observed spectrum  fo r  p ro to n s  due 
to  the  (n ,p ) r e a c t io n  in  th e  energy range 1*8 -  3*0 MeV. The 
cy c le  was re p e a te d  tw ice , and th e  f i n a l  (n ,p ) tem peratu re  
d e riv ed  from a l e a s t  squares f i t  to  p o in ts  in  th e  energy range 
4 .0  -  6 .4  MeV. F ig u re  16 i l l u s t r a t e s  the  compound nucleus 
(n ,np) and (n ,p ) s p e c tra  thus d e riv e d .
The (n ,py) + (n ,pn ) tem peratu re  i s  lower than  the  value  
1.75 MeV re p o r te d  by S to rey  e t  a l .  (S t6 0 ) , as i s  to  be expected 
from th e  design  of t h e i r  experim ent, in  which th e  im p lic i t  
assum ption i s  made th a t  the  d i r e c t  in te r a c t io n  c o n tr ib u tio n  i s  
only  s ig n i f ic a n t  a t  ang les le s s  th an  45°» That t h i s  assum ption 
i s  u n ju s t i f ie d  can be c le a r ly  seen from the  an g u lar d is t r ib u t io n s
ooserved h e re . Small amounts o f d i r e c t  in te r a c t io n  c o n tr ib u tio n
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will considerably raise the ’'observed" nuclear temperature,
and consequently all their temperatures will be too high.
Haling et al. (Ha 57) found their statistical plot linear,
i.e. no (n,np) contribution, and quoted a temperature of
1.16 MeV. This result is probably related to the loss of
low energy proton discussed above.
Using a level density of the form U exp 2(aU)^, where
U is the excitation energy of the residual nucleus corrected 
27for a 1% pairing energy of -2.1 MeV (Ca58), a value of 5«1
«1MeV was derived for the level density parameter 'a*. This 
value agrees well with the trend of the main curve in figure 
7 of the paper by Le Couteur and Lang (Le59)> in which 
observed values of *af were plotted against the mass number A.
The statistical model predicts isotropy of the reaction 
products only if the residual nucleus has a very large moment 
of inertia and can take up the angular momentum balance, so 
that angular momentum restrictions are negligible. Another 
way of saying this is that the spin cut-off parameter a (see 
Chap. I, Sec. 2.2.) must be large. Douglas and MacDonald 
(Do59) have calculated the proton angular distributions expected 
in (n,p) reactions for various values of the proton energy and 
of the parameter a. They showed that the distribution should 
be symmetric about 90° in the centre-of-mass system, and should
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have a minimum a t  th i s  an g le , the  a n iso tro p y  becoming
more pronounced as a  d e c rea se s . Comparison of t h e i r
c a lc u la t io n s  w ith  th e  p re se n t r e s u l t s  shows th a t  a ^  2,
27
and th a t  th e  moment o f i n e r t i a  o f th e  e x c ited  Mg nucleus 
( a t  approx im ately  8 MeV e x c i ta t io n  energy) must th e re fo re  
be öf th e  o rd er of the  r i g i d  body v a lu e .
3« 3» D ire c t in te r a c t io n  c o n tr ib u tio n  
General
From theo ry  (see  Au53 ° r  Chap. I ,  Sec. 3*2.) the  
d i f f e r e n t i a l  c ro ss  s e c tio n  i s  g iven  by
a (e) oc X  ( l  0 0 I l  O)2 [ (QR) ] 2 , ( 1)
-V *
where £ and / ,  a re  the  o r b i t a l  angu lar momenta of the 
cap tu red  n eu tro n  and em itted  p ro to n  r e s p e c t iv e ly ,  and Q, i s  
the  magnitude o f th e  momentum t r a n s f e r  v e c to r . In  a d d itio n , 
the  v a lu es  o f Z  a re  l im ite d  to  a l l  odd o r a l l  even in  the  
range | -  £  p | ^  ^  £  n + £ p .
A ll th e  an g u lar d i s t r ib u t io n s ,  a f t e r  s u b tra c tio n  o f th e  
compound nucleus c o n tr ib u tio n  as  determ ined from the s t a t i s t i c a l  
model p lo t ,  were w ell f i t t e d  by th i s  form ula u s in g  a ra d iu s  o f 
4 fm, s l i g h t ly  sm alle r than  the  n u c lea r ra d iu s .  [ R ecently  
H isatake  e t  a l .  (Hi60a) o b ta in ed , w ith  t h i s  th eo ry  and a ra d iu s
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of 4*6 fm, an excellent fit to the Al2^(p,n)Si^ ground 
state angular distribution for an incident proton energy 
of 14.1 MeV.]
3•3•2• Ground state rotational hand
27Figure 17 shows the A1 ground state configuration on
27the Nilsson model (Ni55) • To excite the Mg ground state
rotational band, the incoming neutron enters the Si orbit
2
No. 9 and the proton is emitted from the d ^ o r b i t  No. 5> 
and therefore, for this band, the selection rule allows only 
t = 2 transitions. The ground state transition was indeed 
fitted by an t = 2 distribution (fig. 15 3D). The angular 
distribution (not shown) for the first excited state, which is 
a member of the ground state band, also suggested an t = 2 
transition, but the statistical accuracy was poor because the 
energy interval considered had to be restricted to avoid a 
contribution from the neighbouring more intense group.
5*3*3* The 1.69 MeV level
The angular distribution of the proton group corresponding 
to the 1.69 MeV level (fig. 13 C) required an £ = 1 fit, and 
therefore the parity of the level must be odd. In agreement 
with the prediction of the theory [ Eq. (l) } , this level is
JT it
27Fig. 17» Nilsson diagram for Al ground state, 
deformation parameter ^  -«s 3* The neutrons are 
denoted by circles and protons by crosses*
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more strongly excited than the even parity ground and
first excited states; the cross section for the latter
transition being governed primarily by the second order
spherical Bessel function, whereas in the former case it
depends on the numerically larger first order spherical
Bessel function. The experimental points beyond 60° could
be fitted by an i = 3 transition, the angular distribution
then being given by a sum of spherical Bessel functions of
the form ). The lowest order parity band may be
excited by addition of a neutron to the f ^ 2 No. 14
and the removal of a dj-^ Pro't'on from orbit Wo. 5» The
theory then predicts a distribution of the form 
2 2 2+1.9 jp. ), in agreement with experiment.
In view of the statistics it would be rash to consider
the observed angular distribution as proof that the neutron
enters an f orbit alone. Its addition to a ,,p” orbit would
2 2lead to an angular distribution of the form (j. +2*1 j.. ),* 0
so that the experiment is barely capable of differentiating 
between these extremes, and certainly not of measuring a 
possible mixture.
5*3*4» Higher excited states
The angular distribution corresponding to excitation 
of levels around 3.5 MeV (fig. 13 B) can also be fitted by
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2 2the  form j^ + j^  , in d ic a t in g  s tro n g  e x c i ta t io n  o f the  odd
p a r i ty  le v e l  a t  3-56 MeV« However, because o f the  r e s o lu t io n
of th e  s c i n t i l l a t i o n  c o u n te r , s ev e ra l le v e ls  p robably
c o n tr ib u te  and the  d i s t r ib u t io n  could  be a d ju s ted  to  co n ta in
(  = 2 or even £ = 0 c o n tr ib u tio n s .
The rem aining an g u lar d i s t r ib u t io n s  ( f ig s .  12 and 13 A)
showed th a t  d i r e c t  in te r a c t io n  e f f e c ts  ?/ere p re se n t a t  p ro ton
en erg ies  as low as 4 MeV, i . e .  e x c i ta t io n  en erg ies  as  h igh  as
278 MeV o f th e  re s id u a l  Mg n u c leu s .
3-4 . Gross se c tio n s
27Since the  th in  po ly thene  r a d ia to r  and th e  A1 ta r g e t  
were exposed to  th e  n eu tro n  beam in  id e n t ic a l  geometry w ith in
the  te le sc o p e , the  t o t a l  c ro ss  s e c tio n  fo r  p ro ton  em ission
27 27from Al depended only  on the  r a t i o  of Al atoms to  hydrogen
atom s, th e  s c a t te r in g  c ro ss  se c tio n  fo r  hydrogen, and th e  
27r a t i o  o f Al counts to  r e c o i l  p ro to n  counts fo r  th e  same 
number o f d e tec te d  & p a r t i c l e s .  The p ro ton  c ro ss  se c tio n s  
th u s  found a re  g iven  in  th e  l a s t  row o f Table 1.
The u su a l assum ption, th a t  th e  excess low energy p ro to n s  
a re  due to  the (n ,np) r e a c t io n  (th e  (n ,2p) p ro cess  i s  
e n e r g e t ic a l ly  fo rb idden ) was follow ed in  d e r iv in g  sep a ra te  
c ro ss  se c tio n s  fo r  th e  (n ,p )  and (n ,np ) r e a c t io n s .  This
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assum ption r e s t s  on the  f a c t  th a t  the "tem peratu re  p lo t"  
can be f i t t e d  w ith  two s t r a ig h t  l in e s ,  c o n s is te n t  w ith  
th e  known Q v a lu es  fo r  th e  (n ,p ) and (n ,np) r e a c t io n s .
There have, however, been su g g es tio n s  th a t  th i s  excess 
o f low energy p ro to n s  could be a t  l e a s t  p a r t i a l l y  due to  
an e f f e c t iv e  low ering  of the  Coulomb b a r r i e r  fo r  a h ig h ly  
e x c ite d  n u c leu s . Lane and P arker (La60) f in d  th a t  the  
b a r r i e r  p e n e t r a b i l i ty  should  rem ain roughly  c o n sta n t up to  
an e x c i ta t io n  energy o f 30 MeV. On th e  o th e r hand, Nemeth 
(Ne60) concludes from h e r  in v e s t ig a t io n s  th a t  th e  b a r r ie r  
p e n e t r a b i l i ty  should  be co n sid e ra b ly  lowered a t  an 
e x c i ta t io n  energy of only 15 MeV. An e f f e c t  o f the  s iz e  
p re d ic te d  by Nemeth would, however, reduce th e  (n ,np) c ro ss  
s e c tio n  by only  a  few m ill ib a rn s  and in c re a se  the[(n ,pY ) + 
(n ,pn )] c ro ss  s e c tio n  co rresp o n d in g ly .
U sing a c t iv a t io n  tech n iq u es , Hudson and Morgan (Hu59) 
ob ta in ed  a value o f (80 + 8) mb fo r  th e  (n,pY) c ro ss  s e c t io n .
The p re s e n t r e s u l t  of 116 mb fo r  th e  [ (n,pY) + (n ,pn) ] c ro ss  
s e c t io n  th e re fo re  su g g es ts  an (n ,pn) c ro ss  s e c tio n  of 
approx im ate ly  36 mb, s l i g h t ly  sm alle r than  the va lue  o f 48 mb 
d e riv ed  from the  " tem pera tu re  p lo t" ,  i f  com petition  from Y-ray 
em ission  i s  ignored-*" when neu tron  em ission  becomes e n e r g e t ic a l ly
The v a l id i t y  of th i s  assum ption i s  d iscu ssed  in  some d e t a i l
in  th e  fo llow ing  c h a p te r .
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p o s s ib le .
The r a th e r  meagre c ro ss  s e c tio n  d a ta  a v a ila b le  on 
Al (ex c lu d in g  a c t iv a t io n  measurements) i s  summarized in  
Table 1. On a llow ing fo r  th e  d i f f e r e n t  in c id e n t  e n e rg ie s , 
the  c ro ss  se c tio n s  fo r  em ission  o f p ro to n s  o f energy g re a te r  
than  6 MeV are  in  reaso n ab le  agreement among them selves and 
w ith  each o th e r in  a l l  b u t two case s . The d i f f e r e n t i a l  c ro ss  
s e c tio n s  o f Jack  and Ward and of H aling e t  a l .  a re  s ig n i f ic a n t ly  
h ig h e r and low er, r e s p e c t iv e ly ,  than  the  mean of the  c ro ss  
s e c t io n s . Where g iven , however, bo th  the  shape of the s p e c tra  
below 4 MeV and the  t o t a l  c ro ss  s e c tio n s  d i f f e r  co n sid e rab ly .
For example, the p ro ton  spectrum  of A llan  (A157) peaks a t  
approx im ately  3 MeV and has dropped to  zero  a t  2 MeV, th e  p o in t 
a t  which the  p re sen t s p e c tra  peak, whereas th e  sp e c tra  of 
March and Morton (Ma58) and o f H aling  e t  a l .  (Ha57) peak a t  
approx im ately  2 .4  MeV a t  forw ard a n g le s , b u t a t  approxim ately  
3«5 MeV a t  backward a n g le s . The lo s s  o f low energy counts due 
to  the e f f e c t  d esc rib ed  e a r l i e r  only  p a r t ly  accounts fo r  th i s  
d isc rep an cy , and i t  would appear th a t ,  in  some n u c lea r em ulsion 
experim ents, a co n sid e rab le  f r a c t io n  of low energy p ro tons a re  
no t being  reco rd ed .
I t  i s  in te r e s t in g  to  compare th e  observed c ro ss  s e c tio n s  
w ith  c ro ss  se c tio n s  deriv ed  from the  s t a t i s t i c a l  model. On
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introducing the level density form exp [~ 'T ] in formula 
(10) of the introductory chapter, this formula can be 
simplified to give
g(n,p)
a(n,n')
[En (max)-6]
Tn
fEn(max) -E/T
'o Eo0^ e PdE
/•En(ma*) _E/T
I Ea (n)e ndEo c
• (2)
Here E(max) refers to the maximum energy permitted by
the Q, value of the reaction, and 5 and ö are the pairingp n
27 27energies (Ca58) for the residual nuclei 1% and A1
respectively. On using the value of derived from Eq. (9)
of the introductory chapter, and utilizing the values of
a (n) and g (p) calculated by Blatt and Weisskopf (BI52) and c c
Shapiro (Sh53)> respectively, for rQ = 1*5 fm, a value of 95 
mb is arrived at+ for the [ (n,pY) + (n,pn)] cross section. 
This is in excellent agreement with the present value of 89 
mb for the [ (n,pY) + (n,pn)] compound nuclear cross section.
The large (n,np) cross section can easily be understood. 
The threshold for the (n,2n) reaction is 13*1 MeV, whereas 
that for the (n,np) reaction is only 8.2 MeV. The effective 
threshold for the (n,np) reaction is therefore of the order 
of 10*5 MeV, if allowance is made for the Coulomb barrier,
+ The (n,n’) cross section is calculated by the method 
outlined in Chap. IV, Sec. 5*
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and th e re  i s  th u s  a la rg e  energy in te r v a l  in  which n eu tro n  
em ission  cannot he fo llow ed hy th e  em ission of an o th er 
n eu tro n , hu t can he fo llow ed hy the  em ission of a  p ro to n . 
From a study  of th e  th e o r e t ic a l  energy spectrum  fo r  
i n e l a s t i c a l l y  s c a t te r e d  neu trons i t  i s  then  found th a t  the  
(n ,n*p) c ro ss  s e c tio n  should  he of the  o rder o f 200 nib, in  
good agreement w ith  th e  p re se n t r e s u l t  o f 160 mb*
4* SPIN ASSIGNLIENTS TO Ife27 LEVELS
The c o l le c t iv e  model has r e c e n t ly  been a p p lie d  w ith  
c o n sid e ra b le  success in  in te r p r e t in g  th e  low ly in g  energy 
le v e l s  o f s e v e ra l odd mass n u c le i in  th e  d s h e l l  (Sh.56, Pa57< 
L i58 , B r57b)• The le v e l s  a re  grouped in to  r o ta t io n a l  hands, 
each based on an i n t r i n s i c  s in g le  p a r t i c l e  s t a t e  c a lc u la te d  
f o r  a deformed n u c le a r  p o te n t ia l  (N i55)• The energy o f the  
l e v e l s  in  a r o ta t io n a l  hand i s  g iven  hy (e*g. Ke59)
2
E (I) = Eo + | ? [X(X + 1 ) + a ( - ) I ','s aK)i. ( l + i ) ]
[1 (1 +  1) + a ( - ) I+2\  i ( l + i ) ]
-  Eo + A £ ( a , I )  + B f 2 ( a , I ) (3)
where f  i s  the  moment of i n e r t i a ;  I  the  t o t a l  angu lar
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+momentum , and K its projection on the symmetry axis.
The last term in Eq. (3) arises through a rotation-vibration 
interaction, and it is small if the rotational energies are 
small compared to the vibrational energies, as is the case 
for nuclei with small A (< 50 say). The decoupling parameter 
"aM results from the assumption of reflection symmetry of the 
nuclear shape and from the coupling of the particle motion to 
the rotation. It is a function of the deformation of the 
nucleus (which is described by the deformation parameter 7^  )> 
and it can be calculated from the coefficients ^  ’*'a'bula'fced 
by Nilsson (Ni55)•
The Mg^(d,p)lflg^ experiments of Holt and Mar sham (H053)
and of Hinds et al. (Hi58) were therefore analyzed on the
basis of the rotational model to provide, in conjunction with
the present Al (n,p)Mg experiment, a clearer picture of the 
27known 1% levels. The results of the reduced width analysis
[- 1for a deformation of 3 are given in Table 2. The relevant 
formulae for extracting reduced widths are given in the next 
section.
The angular momentum of collective rotation (R) and the 
intrinsic angular momentum associated with the individual 
nucleons (£) are related to I through I = R + J.
This is the value of the deformation expected for Mg 
(e.g. Bi59, Ra57)*
27++
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TABLE 2
Mg2 ° (d, n)Mg2  ^anal ysi s
Excitation
energy
(MeV)
Spin Orbit (2i + i)e2 b)
Reduced widths (ö4-)
Experimental Predicted
0 4+ 9 .032 0.016 0.016
O .98 3/2+ (5/2+) 9 •034 0.009 0.008
3.50 4+ 11 .028 0.014 0.012
3.76 3/2+ (5/2+) 11 .064 0.016 0.012
' The spins in brackets are the alternative values allowed 
by the stripping reaction.
^  Mean of the results of (Hi58) and (Ho53) using values of 
(2I + 1)€) extracted by Macfarlane and French (Ma59) •
Assuming deformation parameter +[ = 3 (Bi59) and 
©o2(2s)« 0.043 and eQ2(ld) O.O34 (Ma59, p257)-
27The ground state spin of Mg is a+, so the odd fifteenth 
neutron must be in orbit Bo. 9 (see fig. 17)* Hence the ground 
state rotational band has++ K =£\ = 4+* The first excited state, 
known to have a spin ^ + or  ^+ > can 1°e taken as the first member 
of the rotational band based on the ground state. Such an 
identification is strongly suggested by the agreement of the 
experimental and theoretical reduced widths (Table 2). As the
++ _TL is the projection of J on the symmetry axis, and it is 
generally equal to K.
-  65 -
calculated reduced widths are a sensitive function of > 
the ground state reduced width analysis indicates that 'ri 
must have a value close to 5» The allotment of negative 
parity to the 1•69 MeV level in the above (n,p) experiment, 
means that the level at 1*94 MeV is probably the second 
member of this band. Equation (5) then yields values of 
“  = 259 keV and a = 0.26 for the ground state band. The
£ 3  r\
diformer agrees well with values of ~  for the ground state 
bands of neighbouring nuclei (e.g. Li58); the latter is 
intermediate between the theoretical values of +0.4 and -0.1, 
derived respectively from the Nilsson model and from a slightly 
modified form of the Nilsson model (Bi59)*
By plotting the moment of inertia as a fraction of the
rigid body moment of inertia ( rig) against the deformation
of the nucleus for several mass groups with A > 15O, Elbeck 
(EI6O) found that the nuclear deformation was strongly correlated
4/to the ratio 1 4/ . • If the relation between the deformationJ rig4/and the ratio J/J' is assumed to hold also for light
27rotational nuclei, the moment of inertia for the Mg ground 
state rotational band ( J r ^ g = 0*45) requires the deformation 
) to have a value close to 3> which again agrees with the 
value expected from earlier evidence (Bi59> Ba57)*
The first excited state band is based on the odd neutron
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being  in  o r b i t  No. 11. The reduced  w idth a n a ly s is  s tro n g ly
suggests  th a t  th e  observed -gH- s ta t e  a t  3*50 MeV i s  the
ground s t a t e  member of th i s  K = ■§■ band, and th a t  th e  le v e l
a t  3*76 MeV i s  th e  nex t member. The c a lc u la te d  reduced
w idths a re  again  a s e n s i t iv e  fu n c tio n  of . Using the same
moment of i n e r t i a  as fo r  the  ground s ta t e  band, th i s  lead s  to
a value  o f ~ 0 .6 6  f o r * ^  This again  l i e s  between the  two
th e o r e t ic a l  v a lu es  o f -  0.75 and. -  0«33*
Since only two odd p a r i ty  le v e ls  have been re p o rte d , viz«
those a t  1.69 MeV and 3*56 MeV, th e  l a t t e r  w ith  spin-g-- o r
(H i58), i t  i s  rea so n ab le  to  suppose th a t  th ey  belong to  th e
same r o ta t io n a l  band. For o rb i t  No. 14 the  param eter "a" has
the  la rg e  n eg a tiv e  value  o f -  3.6 fo r  a deform ation  ^ = 3» and
i t  i s  th e re fo re  n o t unexpected [ see Eq. (3)]  to  f in d  odd p a r i ty
le v e ls  low in  the  spectrum  of Mg le v e l s .  Equation (3) then
p re d ic ts  th e  sp in  sequence fo r  th e  low est th re e  le v e ls  in  the
+ 3
r o ta t io n a l  band based on o r b i t  No. 14 to  be as fo llow s : ,
7 1 3 3and ■§•-. T herefore  sp in s  o f and -g- may be ass igned  to
the le v e ls  a t  1.69 and 3*56 MeV re s p e c t iv e ly .  This lead s  to  a
value  o f 240 keV fo r  , s im ila r  to  th a t  f o r  th e  ground s ta t e
7
band. The ■£- le v e l  should then  occur a t  2.85 MeV, suggesting  
i t s  id e n t i f i c a t io n  w ith  th e  known le v e l  a t  2 .89  MeV.
This sp in  sequence has been observed in  A l“^  and p o ss ib ly  
Mg (e .g .  L i5 8 ).
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Fig. 18. Tentative spin assignments for 
27Mg levels reported by Hi60b. The right 
hand column denotes the Nilsson orbit
involved
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The reduced width calculated for an ■£ = 1 transition 
to any level based on the 1 -f shell is smaller than the 
observed reduced width for the transition leading to the 
negative parity level at 3*56 MeV, by at least an order of 
magnitude. It would require very large deformations to 
increase the theoretical spectroscopic factors appreciably.
A similar discrepancy has been found in the analysis of the 
Mg (d,p)Hg negative parity levels (Ma59)•
Figure 18 shows these tentative spin assignments, the 
levels being those recently reported by Hinds and Middleton 
(Hi60b). Spins \|+ and have been assigned to the levels at 
3*485 and 3*756 MeV, in preference to those at 3*470 and 3*782 
MeV respectively, only on the grounds of better consistency 
with the earlier experiment of Hinds et al. (Hi58), using the 
level as a reference mark.
5* THE REACTION Al27(n, d)lfe26 
5* 1. General
Deuteron emission of low intensity compared to proton 
emission was observed, the total cross section for the reaction 
being 30+4 mb. Figure 19 shows the deuteron energy spectrum 
observed at 30°, corrected with a computer programme similar 
to that employed for the proton data. The position of the
C.M. DEUTERON ENERGY (MEV)
Fig, 19. Corrected deuteron spectrum at 3°°' The
26arrows indicate known Mg ' levels at 0, 1.83, 2»97> 
3.6 and 3.97 MeV.
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ground s t a t e  peak, as c a lc u la te d  from the  known Q value  
of -  6.02 MeV, agreed to  w ith in  1 fo w ith  the observed 
p o s i t io n  i f  the  r e l a t iv e  response of Nal to  deu terons and 
to  p ro to n s  i s  taken  to  be 0 .96 :1  (Se55)» The peak a t  4*8 MeV 
i s  in c o n s is te n t  w ith  bo th  th e  2.97 and 3*97 MeV le v e ls  and 
corresponds to  a new le v e l  a t  3*6 MeV. Prom th e  number of 
le v e ls  p re v io u s ly  re p o rte d  in  the  range 4*3 -  5*3 MeV the 
low energy peak could be due to  s e v e ra l u n reso lv ed  le v e ls .
The ta b u la t io n s  of L ub itz  (Lu57) were used to  f i t  
th e o r e t ic a l  an g u lar d i s t r ib u t io n s ,  based on th e  p lane wave 
B u tle r  s t r ip p in g  th eo ry , to  th e  observed experim ental d i s t r i ­
b u tio n s , allow ance being  made fo r  the  f i n i t e  an g u lar re s o lu t io n  
of the  co u n te r te le sco p e  ( f ig u re s  20 -  22). The experim ental 
reduced w idths fo r  the t r a n s i t i o n s ,  e x tra c te d  as d esc rib ed  by 
M acfarlane and French (Ma59)> a re  g iven  in  Table 3*
The d i f f e r e n t i a l  c ro ss  s e c tio n s  fo r  th e  ground and f i r s t  
e x c ite d  s t a t e  t r a n s i t io n s  measured by C o lli  e t  a l .  (Co59a) a t  
17° a re  in  reaso n ab le  agreem ent w ith  the  p re s e n t r e s u l t s .  
However, t h e i r  count r a te  ro se  sh a rp ly  a t  low e n e rg ie s , so 
th a t  the  group e rro n eo u sly  id e n t i f i e d  as corresponding  to  the 
2.97 MeV l e v e l ,  was more in te n se  than  th e  group observed in  
the  p re se n t experim ent by a f a c to r  o f 3» S ince th e i r  equipment 
was in s e n s i t iv e  to  en erg ies  below 3*7 MeV, they  d id  no t observe 
th e  low energy peak.
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5*2. Theoretical Reduced Widths
2The reduced width, 0 , for transitions between given 
states of two nuclei may be expressed as the product of two 
factors
e2 = s eo2 , (4)
2where 0 , the single particle reduced width, contains all
the details of the reaction mechanism. We shall assume that 
20Q has the same value for all transitions between two nuclei 
for which the transferred orbital angular momentum is the same 
(see Ma59 p682). The relative reduced width or spectroscopic 
factor, S, is essentially the square of an overlap integral 
between the relevant states of the nuclei A +1 and A. In other 
words it measures the probability that in the initial nuclear 
state all but one of the nucleons will find themselves in an 
arrangement corresponding to the final state. It can be 
calculated on the basis of a suitable model, and it contains 
the spectroscopic information of interest.
In view of the successful application of the rotational 
model to other nuclei in the d-shell, it is natural to compare 
its predictions with the experimental results. Ignoring Coulomb 
effects, the spectroscopic factor as given by the rotational 
model is (Sa58)
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where s u b sc r ip ts  1 and 2 r e f e r  to  n u c le i  of mass A and A + 1 
r e s p e c t iv e ly ,  and K i s  the  p ro je c t io n  o f th e  t o t a l  an g u lar 
momentum I  onto the n u c le a r  symmetry a x is .  The t r a n s fe r r e d  
nucleon has a t o t a l  an g u la r momentum j  w ith  a p ro je c tio n
* n , |  = 0 o r = -0 _ 2  = 0 then  g = J2, bu t i t  i s  u n i ty  
o th e rw ise . The Clebsch-Gordon c o e f f ic ie n t  i s  a  p ro je c t io n  
f a c to r ,  a r is in g  from the  n u c lea r r o ta t io n ,  and i t  p ro v ides
i s  allow ed, even i f  the  v a lu es  o f 1  ^ and would seem to
of th e  i n i t i a l  and f i n a l  v ib ra t io n a l  s t a t e s ,  cannot be 
c a lc u la te d  a c c u ra te ly . However, p ro v id in g  the  two n u c le i  have 
s im ila r  eq u ilib riu m  d efo rm ations, as in  the  p re se n t case , th i s  
core overlap  in te g r a l  i s  approx im ate ly  u n i ty .  The square o f 
the c o e f f ic ie n t  Cl; , v/hich can be d e riv ed  from the  ta b le s  of 
N ils so n  (N i55)» i s  th e  p r o b a b i l i ty  th a t  th e  p icked  up nucleon 
has a t o t a l  angu lar momentum j  and o r b i t a l  an g u lar momentum 2 
in  a g iven N ilsso n  o r b i t ,  and i t  i s  a fu n c tio n  of the
along  th e  n u c lea r symmetry a x is . I f  e i th e r
v a rio u s  s e le c t io n  r u le s  (Sa58)
p erm it sm alle r v a lues of j .
deform ation
CO
UN
TS
Fig» 20. Angular distribution of the ground
state deuteron group showing = 2 fit.
C M  ANGLE OF OBSERVATION
Fig. 21. Angular distribution of the 
first excited state deuteron group 
showing 1 = 2  fit.
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5*3* Ground State Rotational Band
The M g ^  ground state rotational band will be excited 
by pick up of the unpaired proton from orbit ho. 5> .0- = ^+
(see figure 17)« Transitions with £ = 2 are predicted for 
this band since the only non-zero C^ _. is , which is
equal to unity for any defonnation. Experimentally only^?= 2 
patterns were indeed observed for transitions to the ground 
state and first excited state at 1.63 MeV (figs. 20 and 2 .  
From the shape of these angular distributions at 0°, the 
reduced width for a possible £ = 0 transition to the first 
excited state was estimated to be not more than 1/v of the £ = 2 
reduced width*.
Levels in the same rotational band have the same internal 
shell structure, with the same values of K and _0_ , differing 
only in amount of rotational motion as a whole. In addition 
the rotational character of each member is the same, so that 
from equations (4) and (5) the ratio for reduced widths for 
transitions to members of the same rotational band is given by
It is interesting to note that Parkinson £ see (Br60)] observed 
peaks at 0° in the proton angular distributions for the 
Mg25(d,p)Mg26 reaction leading to the ground state and first 
excited state of Ivlg26. The forward peaks are narrower than 
would be expected for an £ = 0 capture. Since they do not 
appear in the present (n,d) experiment, they seem to be a 
sensitive function of the incident energy and reaction Q, 
value, occurring at lower energies for higher Q, values.
Bromley (Br60) then concluded that this peaking must be due 
to distortions associated with the outgoing protons.
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( 6 ' ) 2 2 1 ' +1 ( l 1 ' j  K1 A  I I 2 K2) 2
e 2 2I 1 +1 ( x 1 j  k1 A  112 k2) 2
( 6)
For t r a n s i t i o n s  le a d in g  to  th e  f i r s t  e x c i te d  s t a t e  and
2 6ground s t a t e  o f Mg a  r a t i o  o f 1 .8  i s  p r e d ic te d ,  in  
agreem ent w ith  th e  m easured r a t i o  o f 2 .1 .  T his can be 
compared w ith  th e  r a t i o s  o f  2 .0  and 2*7 observed  in  th e  
Ivlg2 ^ ( d , t ) M g ^  (Ha60) and M g ^ (p ,d )M g ^  (Be58) r e a c t io n s  
r e s p e c t iv e ly ,  s in c e  in  th e s e  r e a c t io n s  th e  p ic k ed  up p a r t i c l e  
i s  a g a in  th e  odd _Q_= ^ + n ucleon  in  o r b i t  No. 5*
The s p e c tro s c o p ic  f a c t o r s  c a lc u la te d  from  e q u a tio n  ( 5) 
were O.33  and 0.6  f o r  th e  ground s t a t e  and f i r s t  e x c i te d  
s t a t e  r e s p e c t iv e ly .  T able 3 shows th e  good agreem ent o b ta in e d  
betw een th e  t h e o r e t i c a l  and e x p e rim e n ta l red u ced  w id th s .
TABLE 5 A l2^(n ,d )M g :^  a n a ly s i s
E x c i ta t io n
(MeV)
S p in l r o O rb it
Reduced w id th s
E xp erim en ta l P r e d i c t e d ^
0 0+ 2 5.1 5 0.011 0.011
1 .9 2+ 2 5.4 5 0 .0 2 4 0.021
3.6 (2 , 3)+ (0 ) ,2 5-1 7 0.009 0 .012
0 Assuming d e fo rm a tio n  p a ra m e te r  0^ = 3 (B i59) and
ö ^ O d )  = O.O34 (Ma59).
40 °  8 0 °  120°  
CM ANGLE OF OBSERVATION
Fig» 22 . Angular d i s t r ib u t io n s  of deu terons 
le ad in g  to  (A) le v e l ( s )  around 4*9 MeV and (B) 
the  3*6 MeV le v e l .  In  bo th  cases /  = 0 and 
= 2 f i t s  u s in g  r a d i i  o f 5»1 fm are  shown.
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5*4* The 5 .6  MeV L evel
The combined e f f e c t s  o f  th e  low i n t e n s i t y  o f th e  
d e u te ro n  peak c o rre sp o n d in g  to  t h i s  l e v e l ,  and th e  s m a lle r  
s e p a r a t io n  a t  backw ard an g le s  betw een i t  and th e  la rg e  low 
en erg y  p eak , made th e  a n g u la r  d i s t r i b u t i o n  o f t h i s  l e v e l  
r a t h e r  d o u b tfu l a t  th e  backw ard a n g le s .  At fo rw ard  a n g le s  
( f i g .  22 B) i t  showed an £ = 2 s t r ip p i n g  p a t t e r n  and a  peak 
a t  0 ° .  I f  th e  l a t t e r  i s  an (  = 0 c o n t r ib u t io n  r a t h e r  th a n  a  
d i s t o r t e d  wave e f f e c t ,  th e  s p in  o f th e  le v e l  i s  r e s t r i c t e d  to  
2+ o r  3+* To p roduce a  dom inant £  = 2 t r a n s i t i o n  th e  p ro to n  
m ust be p ic k e d  up
( i )  from th e  h ig h e s t  f i l l e d  o r b i t : -  o r b i t  No. 7 vvith 
J l =  | + ,  (hence two r o t a t i o n a l  bands c o u ld  be 
o b ta in e d , w ith  (a) -O. = 1 and (b) f l  = 4) j 
( i i )  from  ad m ix tu re  o f th e  much h ig h e r  o r b i t  No. 8 ,
n= £+.
For th e  _0_ = 1 band , th e  f i r s t  o b se rv a b le  member w ould 
have sp in  2+, s in c e  th e  norm al ground s t a t e  of th e  band ,
I  s  K a I I  a 1+, i s  n o t a llow ed  by symmetry re q u ire m e n ts  •
The c a lc u la te d  s p e c tro s c o p ic  f a c t o r  o f  O.36 y ie ld s  a  red u ce d
+ 26In  th e  above c o n f ig u r a t io n ,  Mg has two h o le s  i n  th e
s h e l l  and th u s  th e  e x c lu s io n  p r in c i p le  fo rb id s  s p in  1.
width in reasonable agreement with the experimental value 
(Table 3)* The alternative spin 3+ yields essentially the 
same width. The small experimental width is probably a 
result of the Coulomb barrier. In fact, if the Coulomb 
barrier is introduced in the crude way suggested by Butler 
(Bu57)> the theoretical reduced widths are considerably 
overcorrected.
The possibilities (i b) and (ii) may be dismissed» For
the jfl = 4 band, to which this level can belong only if the
0° peak is not due to an £ = 0 transition, the theoretical
reduced widths are too small by at least a factor of 2.
Pick-up from orbit No. 8 would require an implausibly large
27admixture of this orbit in the Al ground state wave function 
(80$ if the spin is 2+).
The 3»6 MeV level would therefore seem to be explained 
on the rotational model by pick up of a core proton from orbit 
No. 7* The level has recently been independently reported by 
Blair and Hamburger (Bl60) at 3*614 MeV using inelastic 
deuteron scattering, and by Hinds and Middleton (Hi60b) at 
3*58 MeV. In the present experiment the levels at 2-97 MeV 
and 3*97 MeV are only weakly excited if at all. Since the 
Mg ^(d,p)Mg experiment (H053) excites these levels by the 
addition of a neutron, probably to orbit No. 9> their absence
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in the (n,d) experiment is not surprising. Similarly, 
the apparent absence of the 3*6 MeV level in the (d,p) 
experiment (H053) can be understood.
Recently Broude and Gove (Br60a) measured the Y - Y  
correlation following inelastic proton scattering to this 
3.6 MeV level, the gamma ray decay taking place through 
the 1.87 MeV 2+ state. Sum correlations could only be 
measured, since the primary and secondary gamma rays were 
too close in energy to be resolved by the Nal(Tl) crystal 
used. Nevertheless, the correlation measurement demanded 
a spin of 0+ for the 3»6 MeV level, and not the value of 2+ 
expected from the above considerations. A level of this spin 
and this energy cannot be explained on the basis of the single 
particle model or the strong coupling rotational model, and it 
must be more complex (possibly vibrational) in origin. Further­
more, it means that the observed peaking at 0° in the angular 
distribution must be due to a distorted wave effect.
5*5* Low Energy Deuteron Group
The angular distribution (fig. 22 A) for the deuteron 
group leading to level(s) in the range 4*3 - 5»4 MeV excitation 
again required an £ = 0 +2 fit. Further analysis is not 
justified in view of the poor stripping pattern and the number
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of unresolved 1% levels in this range.
6. THE Al27(n.t)Mg2  ^AND Al27(n.a)Na24 REACTIONS 
Particle emission, which was consistent with the known
Q, value of - 10.9 MeV for the (n,t) reaction and with the
specific ionization values expected for tritons, Y/as observed
at the extreme forward angles. Although an upper limit of
approximately 0.1 mb could be established for the (n,t) cross
section, the statistics v/ere too poor to allow positive
identification as tritons to be made.
?T ?4A detailed study of the Al'- (n,a)Na' F reaction was 
planned, because Douglas and MacDonald (Do59) had shown that 
the (n,a) angular distributions are a much more sensitive 
function of the spin cut-off parameter a than the corresponding 
(n,p) angular distributions. Preliminary results, taken before 
the fire of July 6th, 1960, proved that such an investigation 
could be made.
7. CONCLUSIONS
The total proton emission cross section is dominated by 
the compound nucleus contribution, to which approximately 75$ 
of the (n,p) and 100^ b of the (n,np) cross section can be 
attributed. Although the direct interaction cross section is
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small, it is of prime importance in transitions
proceeding to low-lying states of the residual nuclei;
the angular distribution of proton groups leading to
27low-lying discrete levels in Mg being well described
by a simple direct interaction theory. Since the angular
distributions predicted by direct interaction theories are
dependent on the spins and parities of the initial and
final states involved, the (n,p) reaction can be used to
yield information regarding these properties. However,
before this can be done with confidence, more careful
experiments should be carried out.
The analysis of the (n,d) pick-up data indicates that
2 6the low-lying levels of Mg are well described by the 
rotational model, but that the level at 3*6 MeV must be more
complex in origin
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C H A P  T E R  I V
SCME ACTIVATION MEASUREMENTS IN THE NEUTRON ENERGY RANGE 
15.9  -  1 4 .9  MeV AND A COMPARISON WITH THEORETICAL CROSS 
SECTIONS AND IS  (MERIC CROSS SECTION RATIOS
1 . INTRODUCTION
A lth o u g h  m any r e a c t i o n  c r o s s  s e c t i o n s  h a v e  b e e n  s t u d i e d  
u s i n g  n e u t r o n s  p ro d u c e d  i n  th e  H ^ (d ,n )H e ^  r e a c t i o n ,  few  h a v e  
b e e n  s t u d i e d  o v e r  t h e  r a n g e  o f  n e u t r o n  e n e r g i e s  e a s i l y  
a c c e s s i b l e .  The p r e s e n t  i n v e s t i g a t i o n s  w e re  u n d e r ta k e n  t o  
f i l l  g a p s  i n  t h e  n e u t r o n  c r o s s  s e c t i o n  d a t a  n e a r  Z = 2 8 , a n d  
t o  co m p are  t h e  r e s u l t s  w i t h  c a l c u l a t i o n s  b a s e d  on th e  
s t a t i s t i c a l  m o d e l a n d ,  w hen a v a i l a b l e ,  w i t h  d a t a  d e r iv e d  
fro m  s tu d y  o f  t h e  s p e c t r a  o f  t h e  e m i t t e d  p a r t i c l e s .
2 .  EXPERIMENTAL DETAILS 
2 .1 .  M ethod  A
N e u tro n s  w e re  p ro d u c e d  by  b o m b a rd in g  a  T i -  T t a r g e t  w i th  
250  keV d e u te r o n s  fro m  a  C o c k e r o f t -W a lto n  g e n e r a t o r .  The f i n a l  
s t o p  w as a p p r o x im a te ly  2*5 cm fro m  t h e  t a r g e t  t o  a v o id  e r r o r s  
due t o  m ovem ent o f  t h e  beam  s p o t .  The n e u t r o n  f l u x  was 
c o n t i n u o u s l y  m o n i to r e d  b y  d e t e c t i o n  o f  t h e  r e c o i l  c u p a r t i c l e s
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from th e  t ( d ,n ) a  r e a c t io n .  P revious in te rcom parison  
(Chap. I I ,  Sec. 4) o f t h i s  m onitor w ith  a coun ter te le sc o p e  
d e te c t in g  r e c o i l  p ro to n s  from n-p s c a t te r in g  in  a th in  
p o ly th en e  r a d ia to r ,  in d ic a te d  th a t  th e  ab so lu te  n eu tro n  
f lu x ,  in c lu d in g  a c o r re c t io n  fo r  n eu tro n  s c a t te r in g  from 
th e  t a r g e t  chamber e t c . , was known, a t  an angle of 5^° w ith  
r e s p e c t  to  th e  in c id e n t deu teron  beam, to  an accuracy  o f
2
±6?o. Samples, c o n s is t in g  of c i r c u la r  f o i l s  of a re a  1 cm 
and o f v a r io u s  th ic k n e sse s  e i th e r  sandwiched or in te r le a v e d  
betw een copper m onitor f o i l s ,  were p o s itio n e d  5 cm from th e  
n eu tro n  source and a t  an g les from 0 °  to  110°, correspond ing  
to  n eu tro n  en erg ies  in  the  range 13*9 -  14»9 MeV« The n eu tron  
energy , and i t s  s tan d ard  d e v ia tio n , a s so c ia te d  w ith  each angle 
was determ ined  u s in g  th e  c a lc u la te d  l in e  shapes o f B enveniste  
and Zenger (Be54)• P e rio d s  of i r r a d ia t io n  were le s s  than  the 
h a l f  l i f e  o f Cu (12•85 h rs )  produced by the  m onitor r e a c t io n  
Cu ^ (n ,2 n ) . For a l l  ra d io iso to p e s  produced a c o rre c t io n  was 
made fo r  th e  number o f product n u c le i  which decayed during  an 
i r r a d i a t i o n .
The induced p o s i tro n  a c t i v i t y  was measured by p la c in g  the 
samples between aluminium ab so rb ers  th ic k  enough to  s to p  the  
p o s i tro n s  and d e te c t in g  th e  a n n ih i la t io n  quanta w ith  two 
3" x y\ p-gj c r y s ta ls  norm ally  10 cm a p a r t ,  b u t c lo s e r  when
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count r a te s  were very low. The window of a  s in g le  channel
a n a ly se r was s e t  a c ro ss  each 0.51 MeV peak, and the
co incidence  r a te  reco rd ed . A bsolute d e te c to r  geom etries
22were measured w ith  a, s tan d a rd  Na so u rce , which was a ls o  
used to  check the  s t a b i l i t y  of the  equipment. Where th e  
ra d io iso to p e  em itted  Y -ray(s) in  co incidence  w ith  p o s itro n s  
(which i s  the  case fo r  th e  Na “ s ta n d a rd ) , a c o rre c t io n  was 
made fo r  c o in c id en t d e te c tio n  of an a n n ih i la t io n  quantum and 
such Y -ray(s) by s tu dy ing  th e  s in g le s  and coincidence s p e c tra  
w ith  a 100-channel p u ls e -h e ig h t a n a ly s e r . R e la tiv e  geom etries 
were checked u s in g  Cu64 which em its p o s itro n s  in  19fo o f i t s  
d is in te g ra t io n s  w ith  e s s e n t ia l ly  no accompanying Y -rays. The 
ra d io iso to p e s  produced were id e n t i f i e d  by t h e i r  h a l f - l i v e s  and 
Y -ray s p e c tra , the  decay c o n sta n ts  and decay schemes b e in g , in  
g e n e ra l, ob ta ined  from th e  N uclear Data cards (N ationa l Academy 
o f S c iences, N a tio n a l R esearch C ouncil, W ashington). The 
a c t i v i t y  induced by a g iven  re a c t io n  was determ ined a t  each 
energy r e la t iv e  to  the  Cu ^ (n ,2n) m onitor a c t i v i ty  (s in c e  the  
c o rre c t io n  fo r  n eu tro n  s c a t te r in g  was known only a t  3O0) .
These r a t i o s  were re p ro d u c ib le  fo r  d i f f e r e n t  i r r a d ia t io n s .
The probable sources of e r ro r  and t h e i r  m agnitudes ares 
ab so lu te  neu tron  f lu x  measurement (6$ ) ;  u n c e r ta in ty  in  sample 
p o s i t io n  w ith  re s p e c t to  ta r g e t  (2°/o) ; measurement of d e te c to r
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geom etry (3 -  4$); s t a t i s t i c a l  e r ro rs  in  co incidence  
counts reco rd ed  an d /o r count r a t i o s  (-g- -  4 / ) .
2*2. Method B
C ohalt and manganese ta r g e t  sam ples, in  the  form of th in
2c i r c u l a r  d isk s  of a re a  1 cm sandwiched between a p a i r  of
s im ila r  copper d is k s , were i r r a d ia te d  fo r  known p e r io d s , s h o r te r
than  the  h a l f - l i f e  o f the  a c t i v i t y  to  be measured, in  a  s teady
f lu x  o f (1 4 * 5 ± Ü*05) MeV n eu tro n s . The n eu tro n  f lu x  was
c o n tin u o u s ly  m onitored by means of a  BF long counter*
A fte r  i r r a d i a t i o n ,  the  a c t iv a te d  samples were removed to  a
h e a v ily  sh ie ld ed  s c i n t i l l a t i o n  sp ec trom eter employing a 2 in
h ig h  by 1-J- in  d iam eter N al(T l) c r y s ta l ,  where Y-ray counting
was c a r r ie d  out in  co n sta n t geom etry. For ease of c a l ib r a t io n
of the  system only  counts in  the  photopeak were u sed . Photopeak
e f f i c i e n c ie s ,  r e l a t i v e  to  the  e f f ic ie n c y  fo r  a n n ih i la t io n  quan ta ,
58 22we re  measured ex p erim en ta lly  u s in g  Co"" and Na to  g ive 
c a l ib r a t io n  p o in ts  c lo se  to  the en e rg ie s  of the  d e te c te d  Y -rays 
( f i g .  23)* The f lu x  a t  the manganese or c o b a lt f o i l  was taken 
to  be th e  mean o f the  f ro n t  and back copper m onitor f o i l s ,  whose 
a c t i v i t i e s  vwre determ ined by coun ting  the a n n ih i la t io n  quanta 
em anating from 9*8 min Cu0t-. The ra d io a c tiv e  iso to p e s  produced 
were ag a in  id e n t i f i e d  by th e i r  Y-ray sp e c tra  and h a l f - l i v e s .  
C o rrec tio n s  were made in  a l l  cases fo r  the number of product
G A M M A - R A Y  E N E R G Y  ( M E V )
Fig. 25» Relative photopeak efficiencies for a 
2 in. high by 1-f- in. diameter Nal(Tl) crystal.
Curve I was obtained experimentally and curve II 
was calculated from the data given by Vegors et al. 
(Ve58).
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nuclei which decayed during an irradiation and for the 
self ahsorbtion of Y-rays in the target samples.
3. RESULTS
3*1. The Reactions Cu^(n,2n)Cu^ and Cu^(n«2n)Cu^
Data on the variation of the Cu^(n,2n) and Cu^(n,2n) 
cross sections with neutron energy are sparse. The former 
was measured from 13 to 18 MeV by Cohen and White (C056) and 
normalised to the cross section measurement at 14»5 MeV of 
Paul and Clarke (Pa53)> but the scatter of their experimental 
points makes it impossible to determine the variation with 
adequate reliability; it was measured absolutely from 12 to 
18 MeV at 1 MeV intervals by Ferguson and Thompson (Fe60) .
The latter has only recently been measured by Prestwood and 
Bayhurst (Pr6l) from 12.0 to 19•8 MeV, with particular 
attention to the energy range 13*3 to 15«° MeV. The reaction
2*7 2 aAl^ (n,ci)Ua ' ?;as used as a monitor. Since the Cu ^(n,2n)
reactions are Y/idely used as monitors, absolute Cu ^(n,2n) and 
8 SCu ^(n,2n) cross sections were measured at 14-77 MeV, the ratio
a65of these cross sections / a63 determined from 13*8 to 14-8 
MeV, and ’best values’ derived by comparison of these data and 
the results of Ferguson and Thompson and Prestwood and Bayhurst. 
For the ratio measurements, irradiations lasted 20 to 30
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64din to increase the 12.85 hr Cu activity. For absolute
measurements, foils Y/ere irradiated, at an angle of ^0° and
a distance of 10-15 cm from the neutron source, for 5-10
minutes in the case of Cu ^(n,2n) and 4 hr for Cu ^(n^n).
The neutron flux v/as maintained as steady as possible and
closely monitored to enable an accurate correction to be
62made for the decay of 9*8 min Cu nuclei during the 
irradiations.
The results are shov/n in figure24 and Table 4« The 
salient features are:
s-z
1) The Cu ''(n^n) cross section was found to be
57O + 4O mb at 14.77 MeV, which is 12/6 higher than
the value of Ferguson and Thompson (Fe60), but
still within the experimental errors.
6 82) The Cu ''(n^n) cross section was measured to be 
995 ±7° mb at 14*77 MeV, in agreement with a- value 
of 96O mb interpolated from the results of Prestwood 
and Bayhurst (Pr6l).
a655) The measured ratios /cr^ are ^ower than values 
obtained from the combined data of Ferguson and 
Thompson and Prestwood and Bayhurst, suggesting that 
one set of cross sections is slightly in error.
4) Combination of the measured ratios with the Cu^(n,2n)
lOOO
9 0 0
8 00
"S' 700
Fo50
>< F«60500
400
300
14 0 14*5
E t, <m e v > ------- ►
Fig« 24» Variation of the Cu^(n,2n) and Cu^(n,2n) 
cross sections (curves A and B respectively) and of the 
ratio of these cross sections :^ 6 3  (curve C) with
the neutron energy* P refers to the absolute cross 
sections measured by Method I and P* to the cross 
section ratio determined by the second technique*
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cross section variation interpolated from the results 
of Ferguson and Thompson, leads to the Cu ^(n,2n) 
variation of Prestwood and Bayhurst and vice versa, 
suggesting that the cross section variation is correct 
in both cases.
A value of 550 21b, essentially the mean of the present 
measurement and that of Ferguson and Thompson, was adopted for 
the Cu^(n,2n) cross section at 14*77 MeV. Hence, using the 
present ratio, the Cu^(n,2n) cross section would be 962 mb, 
the value obtained by Prestwood and Bayhurst. Their Cu ^(n,2n) 
cross sections have therefore been adopted (fig. 24, curve A) 
and the present ratios (curve C) used to obtain the Cu^(n,2n) 
cross section variation in more detail in the range 15*9 - 14*9 
MeV (curve 3). An error of + 5 has been adopted for both 
cross sections. The resulting Cu ^(n^n) cross section of 
(5O8+25 mb) at 14*5 MeV neutron energy was used in determining 
absolute values for the cross sections measured by Method B.
Previous absolute measurements of the Cu^(n,2n) cross 
section show a considerable scatter (fig. 24)• Consequently
6 5Cu (n,2n) measurements quoted relative to this variety of
Cu (n,2n) cross sections are of little significance.
a65 /Nevertheless the ratios /a^  are significant and can be 
seen to be in agreement with the present ratios. It should
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be noted that the results are quite sensitive to the 
decay data assumed.
3.2. The Reactions Ni^>8(n.n)Co'^ and Ni^(n«nn)Co^
Table 5 lists cross sections reported from measurements 
of the energy spectrum of the emitted protons and from 
activation measurements. Several points arise, namely:
1) Cross section values at 14* "1 MeV are widely 
scattered.
2) At 14*1 MeV, values representing the sum of the 
reaction cross sections (n,p) + (n,pn) appear smaller 
than the activation measurement, v/hich measures only 
the (n,p) contribution.
3) At 14.1 MeV, the (n,np) cross section is considerably 
larger than the activation measurement, which represents 
not only the (n,np) cross section, but also the (n,pn) 
and (n,d) cross sections.
4) At 14«8 MeV, cross sections derived from observation 
of the proton spectrum differ by a factor of two.
5) The (n,p) cross section measured by activation appears 
to fall by a factor of two in the very narrow energy 
range 14«1 to 14*8 MeV.
The (n,p) cross section was determined by counting the
TABLE 5
Ni~^ p ro to n  e m iss io n  c ro s s  s e c t io n s  (mb)
A. O b serv a tio n  o f em itted  p ro to n s
A uthors N eu tron
en erg y
T o ta l c ro s s  
s e c t io n
(n ,p )  + (n ,p n ) (n*np) Method
A lla n  (A157) 14.1 530 + 10 310 220 N u c lea r em ulsion
V e r b in s k i i  e t  al. (Ve57) 14.1 690 370 a) Sim ple c o u n te r
C o l l i  e t  a l .  (Co58) 14.1 630 a ) 350 a) C o u n ter te le s c o p e
S to re y  e t  a l .  (S t60) 14.1 950 b) 534 + 110 Sim ple c o u n te r
A llan  (A161) 14.1 770 + 35 d) 430 340 N u c lea r em ulsion
Kumabe and P ink  (Ku60) 14.8 440 + 44 290 150 N u clea r em ulsion
G lover and P u rs e r  (G161) 1 4 .P 8 3 0 + 7 0 490 340 C o un ter te le s c o p e
S to re y  e t  a l .  (S t60) 15.7 754 + 150 Sim ple c o u n te r
B. A c tiv a t io n  m easurem ents
A uthors N eutron
energy
T o ta l c ro ss  
s e c t io n
(n,pY) (n ,n p )  + (n ,p n )  
+ (n ,d )
P u rs e r  and T i t t e r to n  (Pu59) 14.1 560 + 110 160 + 40
P r e i s 8 and F ink  (Pr60) 14.8
950 + 60 e )
277 + 25
P re se n t  experim en t 14.1 4 3 5 ±  35 540 + 50
14.8 895 ± 6 0 3 5 0 + 30 570 + 55
'  N a tu ra l n ic k e l  t a r g e t .  Low energy  p ro to n s  n o t re c o rd e d . C ross s e c t io n s  a re  e s t im a te d  
from th e  h ig h  energy  end o f  th e  p ro to n  spec trum  u s in g  N i^ ° (n ,p )  d a ta  o f  March and M orton
CO
(Ma58a) and th e  N i? spec trum  shape o f  A lla n  (A157).
E stim a te  based on th e  r a t i o  o f  (n ,p )  + (n ,p n )  t o  th e  t o t a l  c r o s s  s e c t io n  from  A llan  ( A l6 l ) .
Spectrum  a t  9 0 ° ± 4 5 ° -  In c lu d e s  p a r t  o f  th e  d i r e c t  i n t e r a c t io n  c o n tr ib u t io n  and some 
d e u te ro n s  from th e  ( n ,d )  r e a c t io n .
^  Spectrum  a t  120°. E s s e n t ia l ly  o n ly  compound n u c leu s c o n t r ib u t io n ;  see  t e x t .  Quoted 
e r r o r  does n o t in c lu d e  s ta n d a rd  d e v ia t io n  o f c ro s s  s e c t io n  o f  m o n ito r r e a c t io n .
(n ,d )  r e a c t io n  c ro s s  s e c t io n  o f  25 mb, m easured a t  14 .8  MeV (G l6 l ) ,  s u b t r a c te d .
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71*4 day Co"5^  a c t i v i t y  a f t e r  decay of 37 h r  N i^  produced
"by the  ( n ,2n) re a c t io n . The r e s u l t s  a re  shown in  Table 4»
57The nucleus 270 day Co i s  no t a  p o s itro n  e m itte r ,
b u t decays by e le c tro n  c ap tu re . The c ro ss  s e c tio n  fo r  the
re a c tio n s  (n ,np + n ,p n  + n ,d ) was m easured by observ ing  th e
122 keV and 136 keV Y -rays, o ccu rrin g  r e s p e c t iv e ly  in  91$
and 9c/° of the  C o ^  d is in te g r a t io n s ,  in  a  s in g le  3" x 3M
c r y s ta l  and a lso  in  a  x 1" c r y s ta l  w ith  a th in  window.
C o rrec tio n  was made fo r  in te r n a l  conversion  u s in g  the
c o e f f ic ie n ts  measured by A lburger and Grace (A154) and fo r
ab so rp tio n  of th e  Y -rays in  the n ic k e l f o i l ,  in  th e  r e f l e c t o r ,
and in  the  aluminium can surrounding  th e  3” x 3" c r y s ta l .
The a b so lu te  d e te c tio n  e f f ic ie n c y  and peak to  t o t a l  r a t i o
v/ere taken  from p u b lish ed  d a ta  (He57> M058) .  The N i^ (n ,2 n )
57 57re a c tio n  a lso  c o n tr ib u te d  sin ce  Ni decays to  Co . However,
th i s  c o n tr ib u tio n  was sm all and e a s i ly  s u b tra c te d , s in ce  th e
( n ,2n) c ro ss s e c tio n  v/as measured from the  Ni^ a c t i v i t y .  The
r e s u l t s  a re  shown in  Table 4* Larger e r ro r s  have been a sc r ib e d
to  th ese  measurements because of u n c e r ta in ty  in  th e  d e te c tio n
e ff ic ie n c y , and because o f a s ig n i f ic a n t  c o n tr ib u tio n  below the
peak from background and from the  Compton d i s t r ib u t io n  o f the
58a n n ih i la t io n  quanta a s so c ia te d  w ith  the  decay o f Co
From the  r e s u l t s  a t  14*1 MeV and 14*8 MeV in c lu d ed  in
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Table 5? it can be seen that the above difficulties are 
resolved satisfactorily. Points 3 and 5 require no further 
comment. At 14*8 MeV, the activation measurements lead to 
a total proton emission cross section in good agreement with 
the counter telescope measurement of G-lover and Purser 
(point 4)« At 14*1 MeV agreement is less obvious (point 1). 
Earlier cross sections from spectrum measurements (A157>
Ve57> C058), appear too low. The value of 770 Mb (Al6l) is 
essentially only the cross section for proton emission 
following compound nucleus formation. The direct interaction 
contribution can be estimated to be "JO mb on the assumption 
that it is the same proportion of the (n,p) cross section 
at 14.1 MeV as previously measured at 14*8 MeV (Gl6l). Thus 
the (n,p) + (n,pn) cross section increases to 500 mb. The 
total cross section increases to 840 mb, in reasonable 
agreement with the activation measurements. This (n,p) + (n,pn) 
cross section and that of Storey et al. seem higher than the 
(n,p) cross section determined by activation methods (point 2). 
Comparison suggests that the cross sections for the (n,pn) 
reaction are roughly 100 mb and 150 mb at 14*1 MeV and 14*8 
MeV respectively. The (n,p) + (n,pn) cross section reported 
at 15*7 MeV indicates that the (n,pn) cross section increases 
rapidly with energy.
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The (n,p) + (n,pn) cross section from spectrum 
measurements is often split into its two components by 
assuming that, after emission of the first proton, neutron 
emission will occur, if energetically possible, in preference 
to T-ray de-excitation. Thus only protons of energy Ep>En+Q, 
where Q, is the Q-value for the (n,pn) reaction, are attributed 
to the (n,p) reaction. On this basis the spectrum measurements 
at 14»8 MeV of Glover and Purser lead to an (n,p) cross 
section of 200 mb, significantly lower than the value of 35^ mb 
from the present activation measurement. Similarly the spectra 
of .Allan (A157> Al6l) and Storey et al. (see Ja60) at 14*1 MeV 
suggest an (n,p) cross section of roughly 3^0 mb, compared to 
the activation value of 435 nib. The discrepancy can be 
accounted for if neutron emission in fact competes weakly with 
Y-ray de-excitation until roughly 1.4 MeV above the energy at 
which neutron emission becomes possible.
The simple assumption, that particle emission predominates
over gamma-ray emission as soon as particle emission is
energetically possible, is generally inadequate. In the present
case, this can be seen qualitatively as follows. The compound 
59nucleus Ni resulting from addition of a high energy neutron 
contributing all possible £ -values will be formed in a wide 
range ofspin states (see Sec. 4«)» Emission of low energy
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p ro to n s , which w i l l  c a r ry  away l i t t l e  angu lar momentum
because o f the  c e n tr i fu g a l  b a r r i e r ,  w il l  tend  to  leave  
58in  Co a s im ila r  d is t r ib u t io n  o f s ta te s»  Neutron em ission
57 7w il l  then le ad  to  Co , which has a ^--ground s ta t e  and
e x c ite d  s ta t e s  a t  1*56, 1.49 and 1.89 MeV (K056) . T herefore
u n t i l  the Q -value i s  exceeded by 1.36 MeV, the  only  s ta t e
open fo r  n eu tron  em ission  i s  the  ground s t a t e .  Since low
energy n eu trons c a r ry  away l i t t l e  an g u lar momentum, only 
58s ta te s  o f Co w ith in  a  l im ite d  range of sp in s  w i l l  th e re fo re
58c o n tr ib u te  to  th i s  t r a n s i t io n .  By c o n tra s t ,  s in ce  Co i s  an 
odd nucleus and th e re fo re  has a h igh  le v e l  d e n s ity , Y -ray 
d e -e x c ita tio n  may occur through many s t a t e s ,  and i t  may 
th e re fo re  compete q u ite  favou rab ly  w ith  neu tron  em ission . 
R ecen tly  Grover (Gr6l)  made a q u a n t i ta t iv e  study of th i s  
com petitive  Y -ray em ission , and he found th a t  the  e f f e c t  can 
f re q u e n tly  be very  im portan t w ith in  about 2 MeV of r e a c t io n  
th re sh o ld s . M oreover, in  agreement w ith  the above q u a l i t a t iv e  
argum ents, th e  com petition  i s  shown to  depend m ainly on th e  
d is t r ib u t io n  of sp in s  and p a r i t i e s  o f the e x c ite d  nucleus 
im m ediately p reced in g  the  p roduct n uc leus.
3»3* The R eaction  N i^ ( n .2 n ) N i^
These r e s u l t s  a re  p re sen te d  in  Table 4 and f ig u re  25«
The p re se n t v a lu es  a re  co n sid e rab ly  low er than  e a r l i e r  v a lu e s
T— I— I— I— I— i I I I I I I I 1 r
_ N i58(n,2n)N i
5
io I I I I I I I I I I I I I I I I  
13-5 14-0 14-5 150E„ (MEV) - - - - ►
C O
Fig« 25« Variation of the Ni^ (n,2n) cross section 
with neutron energy. The crosses and circles denote 
the present results and those of Prestwood and 
Bayhurst (Pr6l) respectively. The errors given for
the latter are relative not absolute
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(Pa53> Pu59> P r6 0 ). The v a r ia t io n  o f c ro ss  s e c tio n  w ith  
energy, and th e  ab so lu te  v a lu e s , agree w ith  th e  re c e n t 
r e s u l t s  o f Prestwood and B ayhurst (P r6 l ) .  The va lu e  j u s t  
re p o rte d  by Rayburn (Ra6l) a t  14*4 MeV u ses  a measured 
N i^  h a l f - l i f e  o f 43»7 hours r a th e r  than  the  accep ted  37 
hou rs . H a l f - l i f e  measurements in  the  p re se n t case agree 
w ith  the accep ted  v a lu e . Readjustm ent of th e  h a l f - l i f e  
would low er Rayburn!s c ro ss  s e c tio n  ap p re c ia b ly , p robab ly  
by the  o rd e r o f ,]Ofo»
3. 4. The R eactions Co^9(n.2n)Co-r)8g and Co-59(n.2n)Co^8m
58R ad io ac tiv e  Co i s  formed both  in  the 71»4 day ground
s ta te  and th e  9 h r  isom eric  s t a t e ,  which decays to  th e  ground
58s ta t e .  The ground s t a t e  decays to  Fe by e le c tro n  cap tu re  
or p o s itro n  em ission , fo llow ed by a 0 ,80 MeV gamma ra y  in  99*5 
per cen t o f th e  d is in te g ra t io n s  (S t5 8 a ). The t o t a l  (n ,2n) 
c ro ss  s e c t io n , determ ined from the  i r r a d ia t io n s  l a s t in g  
approxim ately  12 h rs  by m easuring the 71*4 day ß+ a c t i v i t y  
a f t e r  decay o f th e  9 h r  isom eric  s t a t e ,  i s  shown in  Table 4*
The r e s u l t s  a re  in  good agreem ent w ith  th e  value  o f (78O +15^) 
mb; the  w eighted mean of f iv e  independent measurements of th e  
0.80 MeV gamma ra y  a c t i v i ty  a t  14*5 MeV n eu tro n  energy. P r e is s  
and Fink (Pr60) re p o rte d  a  much lower va lue  o f (149 ±.7) nib a t  
14.8 MeV.
-  91 -
The p o s itro n  a c t i v i t y  i n i t i a l l y  in c re a se s  w hile th e
C O
9 h r  isom er of sp in  5+ decays to  th e  Co^ ground s ta t e  (2+), 
and then  i t  decreases  w ith  a 7^*4 day h a l f - l i f e »  A nalysis
o f th i s  curve le a d s  to  an isom eric  c ro ss  s e c tio n  r a t i o
a
/ a-^ 0 >^ i« e . p ro b a b i l i ty  a f t e r  a g iven r e a c t io n  o f 
f in d in g  th e  r e s id u a l  nucleus in  th e  isom eric  s t a t e ,  of 
0 .7  + 0 .1 . This i s  in  s a t i s f a c to r y  agreement w ith  the  value 
o f 0 .45 + 0.25  independen tly  a r r iv e d  a t  by d e te c t io n  of the  
0.80 MeV Y -ray. Large e r ro rs  ?/ere a sc rib e d  to  t h i s  measure­
ment, because th e  decay o f the  isom er was obscured by a gamma
56ra y  of the  same energy o ccu rrin g  in  th e  decay o f 2 .6  h r  Mn , 
T/hich was produced by the Co*^(n,oc) re a c t io n .  The w eighted 
mean o f th e se  two d e te rm in a tio n s  o f th e  isom eric  c ro ss  se c tio n  
r a t i o  i s  O.67  + 0 . 0 9 . By a techn ique in v o lv in g  chem ical 
s e p a ra tio n , P r e is s  and Fink ob ta in ed  the  much low er value  of 
0 .0 3 + 0 .0 1 5 «  However, as i s  shown in  s e c tio n s  4 and 5 °P th is  
c h ap te r , t h i s  v a lu e  and th e i r  (n ,2n) c ro ss  s e c tio n  a re  in  
se r io u s  d isagreem ent w ith  th e o r e t ic a l  p re d ic t io n s .
3«5« The R eaction  C o ^ ( n .p ) F e ^
H eath, P ro c to r  and Reich (He59) re p o rte d  th a t  55«6 p er
59cen t o f th e  d is in te g ra t io n s  o f 45 day Fe were fo llow ed by 
a 1.0 MeV Y -ray , and 44» 1 p e r  cen t by a 1.29 MeV Y -ray.
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Measurement of th e se  Y-ray a c t i v i t i e s  g ives an (n ,p ) 
c ro s s  s e c tio n  of (7 5 ± 2 2 ) mb a t  14*5 MeV, in  e x c e lle n t 
agreem ent w ith  th e  more re c e n t v a lu e  o f (8 2 + 8 ) mb 
measured by P re is s  and Fink a t  14*8 MeV.
3. 6. The R eaction  Co'^fn.cOM n'^
The gamma ra y  a c t i v i t y  was c o rre c te d  f o r  th e  presence 
of th e  0 .8  MeV gamma ray s  from th e  ( n ,2n) r e a c t io n .  The 
r e s u l t in g  (n,ci) c ro ss  s e c tio n  a t  14*5 MeV was found to  be
/ -  C  ~z
( 2 9 + 6) mb r e l a t i v e  to  th e  Cu ^ ( n ,2n) c ro ss  s e c t io n . This 
i s  in  good agreem ent w ith  th e  v a lu e  o f (31 + 3) nib r e l a t iv e  
to  an Fe^ (n ,p ) c ro ss  s e c tio n  o f 110 mb re p o r te d  by B lo sse r, 
Goodman and Handley (B158a).
3. 7 . The R eaction  M n^(n .2n )M n^
The r e a c t io n  c ro ss  s e c tio n  was ob ta ined  by counting  the 
0 .8 4  MeV gamma-rays em itted  by 291 day M n^, and i s  (805 + 180) 
mb a t  14*5 MeV.
3*8* The R eaction  M n'^(n,a)V ^‘~
By d e te c tin g  th e  1*43 MeV Y -rays fo llow ing  th e  ß-decay 
52of 3*76 min V ', the  c ro ss  s e c tio n  a t  14*5 MeV was found to  
be (27 + 5) nib, in  e x c e lle n t agreem ent w ith  th e  more re c e n t 
v a lu e  o f (30 + 3) mb o b ta ined  by P r e is s  and Fink (Pr60) a t  14.8
MeV.
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Paul and C larke (Pa53) measured a 3*9 min
m
ß - a c t iv i ty  and a t t r ib u te d  th e  r e s u l t in g  c ro ss  s e c tio n  o f
(52 + 8 ) mb to  th e  (n ,a )  r e a c t io n .  However, th e  (n ,p )
55r e a c t io n  le a d s  to  3 .6  min Cr , a pure ß -e m itte r  w ith  end
52
p o in t energy  of 2.85 MeV compared to  2*5 MeV fo r  V 
Paul and C larke id e n t i f i e d  th e i r  ß - a c t iv i t i e s  from h a l f -  
l iv e s  g iven  in  the  N a tio n a l Bureau o f S tandards C irc u la r  
499 ( 1952) ;  the 3*6 min C r ^  has been re p o r te d  su b seq u en tly . 
T h e ir observed ß a c t i v i t y ,  th e re fo re , should be due to  b o th  
the  (n ,p )  and (n,ci) r e a c t io n s .  S u b tra c tio n  in d ic a te s  a v a lu e  
of app rox im ate ly  25 mb fo r  the  (n ,p ) r e a c t io n .
3*9» The R eaction  E n ^ (n « 2n )Z n ^
Cross se c tio n s  o b ta in ed  by co incidence  d e te c tio n  o f th e  
observed 38 minute p o s i tro n  a c t i v i ty  a re  g iven  in  Table 4 and 
f ig u r e  26 . They a re  sm alle r than th e  c ro ss  se c tio n s  o b ta in ed  
in  most p rev ious measurements (Pa53> Ya57> ^**60, Ra6 l ) .  The 
energy dependence of th e  c ro s s  s e c tio n  (a b so lu te  c ro ss  se c tio n s  
from e a r l i e r  measurements being  assumed) has been m easured in  
the  range 12.5 to  17*5 MeV by Cohen and W hite (C056) , and in  
th e  range 12.2 to  18.1 MeV by K oehler and A lfo rd  (K06O) . In  
the  form er the  experim en tal p o in ts  show co n sid e rab le  s c a t t e r .
In  th e  l a t t e r  the  measurements were taken  a t  la rg e  energy
P«53
Y» 57,
(MEV)
64Fig» 26. Variation of the Zn +(n,2n) cross 
section with neutron energy» The present 
results are denoted by crosses»
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intervals, but in the range 14 to 15 MeV they are 
consistent with the present energy dependence.
3«10. The Reaction Zn^(n,p)Cu^
In this case the positron emitting radioisotope 
produced is the same for both sample and monitor. The 
ratio of the 2n^'(n,p) to Cu^(n,2n) cross section should 
therefore be particularly free from error. The present 
results (Table 4) are considerably lower than earlier 
values of (386 + 58) a"k 14*5 MeV and (284 + 20) mb at 
14*8 MeV, reported by Paul and Clarke (Pa53) and Preiss 
and Fink (Pr60) respectively.
From the energy spectrum of protons emitted under 
14*1 MeV neutron bombardment, Armstrong and Rosen (Ar60) and 
Allan (AI61) have obtained cross sections of 200 mb and 
(179 ±18) mb respectively for the [ (n,p) +(n,pn)l cross 
section, the latter measurement not including the direct 
interaction contribution. The present activation measurement 
is consistent with these results, and suggests that the (n,pn) 
cross section is small. On the simple assumption that, after 
emission of a proton, a neutron is emitted in preference to a 
Y-ray as soon as energetically possible, one obtains from the 
spectrum of Armstrong and Rosen an (n,p) cross section of
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approximately 100 mb; significantly lower than the 
activation value. The simple assumption is probably
c o
invalid, for reasons discussed in relation to the Nr (n,p) 
reaction.
3*11* The reaction S^(n,t)P" ü
In 1940 Cork and Middleton (C040) observed the 2.6 min 
30positron activity of P^ when sulphur was bombarded with 
neutrons whose energies ranged up to 24 MeV, but noted that 
the activity was absent when the maximum energy of the beam 
was 13 MeV. At the incident energy of 14»7 +0*3 MeV used in 
the present experiment, the (n,2np) and (n,dn) reactions are 
energetically forbidden, and therefore the observed 2.6 min 
P~'^  activity could only arise from triton emission (Q, = -12.7 
MeV). The weighted mean of three independent measurements 
gave a cross section of (20 + 5) Hb.
3*12. The Reaction Ca^(n.t)K^
This reaction is similar in principle to the above one in
that the product nucleus is short lived, and should be the only
detectable positron emitter produced. The target material was
CaC0?, but the observed half-life obtained from the coincidence b
count rate was (10+1) min and not the established value of
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7*7 min. An extremely small amount of impurity such as 
copper could, have given rise to the observed, decay curve, 
and it was therefore only possible to set an upper limit of 
0.1 mb for this cross section.
4. ISOMERIC GROSS SECTION RATIOS
In 1949 Segre and Helmholtz (Se49) suggested that in a
c
nuclear reaction the isomeric cross section ratio, /a ,
should tend as a limit to the ratio of statistical weights,
2 1 + 1
~ ~  T ’ as ^ le ener&y ^le incident particle is increased, 
g
Levy (Le55) and Meadows et al. (Me56) then found that in a 
number of cases the ratio did tend towards a limit, but not 
the suggested one. Levy put forward an argument suggesting 
that the high spin states are greatly favoured, but Meadows 
et al. showed qualitatively why this need not be so. Recently 
Huizenga and Vandenbosch (Hu60, Va60) have calculated isomeric 
cross section ratios quantitatively on the basis of the 
statistical model.
If the energy resolution of the incident beam is poor 
enough so that levels of any spin may be excited, the distribution 
of angular momentum, I (, of the compound nuclei will be given by 
(B152, Ha52)
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I + s I + S
xijE) - * * 2 z ir , s(s) iiVi v b) ’ (1)
S= | I-s| l=|Io-S|
where ?C is the de Broglie Y/avelength of the incident 
particle; I, s, and S are respectively the target nucleus, 
particle, and channel spins; g(s) is the statistical weight 
of S; and T^(e ) is the transmission coefficient of a 
particle with orbital angular momentum £ and energy E.
Figure 27 illustrates how the target spin can influence
the distribution of I .c . . . .  . . .
This initial distribution of angular momentum values
will be modified by the emission of one or more particles
and cascade gamma rays. The relative probability for a
compound state with angular momentum I to emit a particle0
of spin s’ with an orbital momentum £ and energy E to a 
residual state with angular momentum I^, is given by
In + S’ I + S f c
P(lf, Io) OC P(lf) 2 ~  ^(E) ,
S=|I,-s*| -t=|I -S|
(2)
where y(i^ .) (the density of states with spin I i n  the 
residual nucleus) is a sensitive function of the spin cut-off
I_____
___ I
I____
SPIN OF C O M PO U N D  NUCLEUS
Fig. 27« The distribution in angular momenta of the
59 60compound nuclei Ni"" and Co produced by 14*5 MeV 
neutron bombardment of Ni^(0+) and Co^(-||+) 
respectively.
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parameter + , a [ see Eq. (l), Chap* I ] . The distribution 
of spins in the excited residual nuclei is then given by
n(lf) CC X a(loJ3)P(lc,If) i (5)
c
and if a second particle is emitted this becomes
n(lf) C C  o(lo,E)P(lc,Ift)P(lfl If) , (4)
Io> If'
where I^, is the spin of the excited state after the 
emission of the first particle.
The excited residual nucleus decays either to the 
metastable state or to the ground state through a gamma-ray 
cascade assumed to contain only dipole radiation (St60b, 
Ca57> Ki56). Furthermore, levels of both parity are assumed 
to be present in equal numbers, so that parity changes need 
not be followed in the cascade. The total radiation width 
for the emission of dipole radiation from a state of spin 1^ 
and initial excitation energy U can be written as (Ki57)
For simplicity it has been assumed in the present calculations, 
as in reference (Va60), that a is independent of the excitation 
energy. Since a is expected to be proportional to U^ f (e.g. 
D059), this should be a good approximation in the energy 
range of interest.
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P' (u -e )
JT^) (5)dE ,
where O' = 9(lf -l)+ $>(lf) + <j>(lf + l) is the total 
density of states at an excitation energy U - E  which are 
accessible to the initial state by the emission of dipole 
radiation of energy E. If the model dependent factor Mf" 
is assumed to be unity for simplicity sake, only and 
the T-ray multiplicity (N ) govern the final spin state 
distribution.
In Table 6 experimental isomeric cross section ratios
for a number of reactions leading to the same residual 
58nucleus - Co - are compared with values calculated in this 
way. The transmission coefficients were derived from the
square well model (Fe53> Fe5l) using a radius R = 1.5 A 'rm.
The agreement between theory and experiment is good, but
the theory is too crude to enable accurate values of a to
be deduced. Its value clearly lies in the range 3 - the
best fit being obtained with a äs 4* This is in agreement
with values of 4*5 and 3*8 obtained by Ericson (Er59) for 
56 57Mn and Fe respectively, by counting the levels.
The isomeric cross section ratio of O.O3 +O.OI5,
cq
measured by Preiss and Fink (Pr60) from the reaction Co';^ (n,2n),
TABLE 6
Co58 isomeric cross section ratios
Reaction Reference
a / 
“/£Ttot
Incident
energy
(MeV)
Experimental Calculated
N a) Y a - 3 c - 5
Mn^(afn) St50 17 0.65 -0.71 ^ 1 0.65 0.74
4 0.60 0.7A
Le53 23.7 0.79 + 0.02 1 0.79 0.85
4 0.73 0.84
Fe58(p,n) Av52 6.3 0.11 1 0.09 0.15
5 0.14 0.25
Co59(Y,n) Ch51 0-68 0.62 +0.02 1 0.49 0.58
5 0.43 0.61
Co"(n,2n) Present 14.5 f  0.7 + 0.1 1 0.64 O.76
results ]
L 0.45+ 0.25 3 0.58 O.76
Pr60 14.8 0.03 + 0.015
Ni58(n,p) Pr60 14.8 0.15 + 0.05 1 0.41 0.53
3 0.48 0.57
For odd nuclei around A = 60 the Y-ray multiplicity (the average 
number of Y-rays in the final cascade) -was found by Muehlhause (Mu50) 
to be 2.6 for excitation energies corresponding to the neutron 
binding energy.
Thin target estimate obtained from the thick target value (0.63) 
using the results of Levy (Le53).
Results obtained using a 68 MeV electron synchrotron. The calculations 
were carried out for Ey = 17 MeV, where the maximum in the (Y»n) cross 
section occurs (Fl60).
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suggests an improbably small value of a +. Their isomeric
c o
ratio for the reaction Ni^ (n,p) suggests a different 
value of a but a value still considerably less than 3*
This is so even if allowance is made for a 20$ direct 
interaction contribution to the cross section; such a 
contribution presumably all proceeding to the ground state, 
because small angular momentum changes are favoured by the 
direct interaction process. By contrast, analysis of the
C O
Ni^ (n,p) angular distribution of Glover and Purser (Gl6l) 
in the proton energy range 5 - 6  MeV (where the compound 
nucleus mechanism is dominant) by the method of Douglas and 
MacDonald (Do59) indicates a ^3*5*
As only low energy neutrons contribute to the (n,2n) 
reaction, it proceeds predominantly through the compound 
nucleus, making it especially suitable for analysis of the 
above type. In addition, the two stage neutron emission 
ensures that the final spin distribution is significantly
If the (p,pn) reaction proceeds predominantly through the 
compound nucleus, it should lead to values of the isomeric 
cross section ratio very close to those obtained in (n,2n) 
experiments. Although the Co59(p?pn) results of Meado?/s 
et al. show a lot of scatter, they are in good agreement 
with the present (n,2n) results. Their isomeric ratio 
falls from approximately 0.8 at 14 MeV to approximately 
0.6 at 25 MeV, where the direct interaction contribution 
to the cross section may no longer be negligible.
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influenced by the parameter "a” • Table 6 shows that the 
calculated cross section ratios are relatively insensitive 
to the T-ray multiplicity.
Since a is related to the moment of inertia i" and the
2 Tnuclear temperature T through a = — ~ , the value c ^  4
n
suggests $ ä? ^  , the rigid body moment of inertia.
5. COMPARISON OF EXPERIMENTAL AND THEORETICAL (n.2n) CROSS 
SECTIONS
In 1940 Weisskopf and Ewing derived from the statistical 
model a simple relation between the (n,2n) and (n,n') cross 
sections, when the kinetic energy of the incident neutron 
does not exceed the threshold of the (n,3n) reaction. They 
found that for a level density + of the form exp^/T ), the 
cross section should be given to a good approximation by
r(n,2n) ff(n,n*) - (1 ) exp C f ) (6)
where a(n,n') is the sum of the cross sections of reactions 
involving the emission of at least one neutron from the
The theoretical cross section is insensitive to the form 
(Chap. I, Sec. 2.2.2.) of the level density used, because 
most of the emitted primary neutrons leave the intermediate 
nucleus in a small range of excitation energy at high 
excitation, a region where all the level density forms have 
a similar energy dependence.
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compound n u c leu s; T i s  the  tem peratu re  o f the  in te rm e d ia te
n u c leu s , i . e .  th e  n u c leus r e s u l t in g  from em ission of th e
f i r s t  n eu tro n ; and £ i s  th e  d if fe re n c e  between the  in c id e n t
energy and the th re sh o ld  o f th e  (n ,2n) re a c t io n . This
form ula assumes th a t ,  a f t e r  em ission o f th e  f i r s t  n eu tro n
from th e  compound n u c leu s , p a r t i c l e s  a re  em itted , where
e n e r g e t ic a l ly  p o s s ib le , in  p re fe ren ce  to  Y -rays, and th a t
the  second p a r t i c l e  em itted  i s  always a n e u tro n . The c ro ss
s e c tio n  a (n ,n ‘ ) i s  o f te n  re p laced  by a ( n ) , the  c ro ss  s e c t io nc
fo r  fo rm ation  of th e  compound nucleus by neu tron  bombardment. 
This i s  e q u iv a len t to  assuming th a t  th e  f i r s t  p a r t i c l e  em itted  
i s  always a n eu tro n , i . e .  th a t  charged p a r t i c l e  em ission i s  
n e g l ig ib le .
I n s e r t io n  o f experim ental (n ,2n) and (n ,n ‘ ) c ro ss  s e c tio n s  
in  th e  above form ula i s  no t an acc u ra te  method of de term in ing  
n u c le a r  tem p era tu res ; sm all f lu c tu a t io n s  in  the  c ro ss  s e c t io n  
p roducing  la rg e  v a r ia t io n s  in  the  e x tra c te d  value  of th e  
tem p era tu re . Even so , tem peratu res th u s  d e riv ed  have as  a r u le  
been found to  be much la rg e r  than  th e  v a lu es  ob ta ined  from the 
energy s p e c tra  o f r e a c t io n  p roducts ( e .g .  K i57a), and i f  th e  
form er tem peratu res axe used to  d e riv e  the  param eter "a" in  
the  le v e l  d e n s ity  form ula, r e s u l t s  a re  ob ta ined  which a re  in  
se r io u s  disagreem ent w ith  th e o r e t ic a l  p r e d ic t io n s . This
-  103 -
unfortunate state of affairs has arisen mainly through 
the indiscriminate application of the formula to cases 
where one or more of the underlying assumptions are not 
valid. To determine the applicability of the formula, a 
simple criterion roughly relating the probability of particle 
and neutron emission from the intermediate nucleus can be 
derived. Following Le Couteur (Le59a)> emission probabilities 
for protons and neutrons axe related to the level densities of 
the residual nuclei by
W V
?(Rn)Tn2
(7)
where T^ and T^ are the temperatures of the residual nuclei
at their average excitation energy; i.e. at approximately
R = U - Q, and R = U - Q - V , which are the maximum n n p P P
possible energies of the residual nuclei after emission of a
neutron and proton respectively. Here IT is the excitation
energy of the compound nucleus; Qn and are the neutron and
proton binding energies respectively; and V is the effective
P
Coulomb barrier for protons, taken from examination of (n,np) 
spectra (G161, Ar60, Al6l) as approximately 0.6 V, where V is 
Coulomb barrier +.
From plots of ^cxE Le Couteur (Le50) similarly found that V ä; o.6 V. p 
P
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For the  simple le v e l  d e n s ity  form exp( /T ) ,  i t  
fo llow s th a t ,  a f t e r  the  (n ,n*) r e a c t io n ,  the  r e la t iv e  
p r o b a b i l i ty  of p ro ton  and neu tron  em ission  i s  g iven by
Pp /p — exp ^  (Q -  Q + ö -  6n -  0 .6  V) , (8)
n v v
where 6^ and ön a re  the  p a ir in g  en e rg ie s  fo r  the  re s p e c tiv e
r e s id u a l  n u c le i (in tro d u ced  in  a  somewhat a r b i t r a r y  manner
to  allow  fo r  th e  odd-even dependence o f the  le v e l d e n s i ty ) ,
and T = -^(T + Tr ) • For in c id e n t e n erg ies  around 14 MeV
the  tem peratu res and T^ fo r  th e  em ission of secondary
p a r t i c l e s  a re  approx im ately  0 .5  MeV. From s im ila r  arguments
th e  p ro b a b i l i ty  o f c t-p a r tic le  em ission  can be e s tim a ted , but
i t  i s  u su a lly  l e s s  im portan t than  p ro to n  em ission .
P
Table 7 shows P/P  thus c a lc u la te d  fo r  a number o f ' n
n u c le i  by u sin g  the  p a ir in g  en e rg ie s  ta b u la te d  by Cameron 
(Ca58). In  c e r ta in  cases the  p r o b a b i l i ty  of p ro to n  em ission 
i s  so h igh  th a t  th e  assum ption u n d e rly in g  th e  form ula, and 
hence the  use of th e  form ula, i s  u n ju s t i f i e d .
Where a p p lic a t io n  o f th e  form ula seems re a so n a b le , (n ,2n) 
c ro s s  s e c tio n s  have been c a lc u la te d  as fo llo w s:
1) S ince th e  c ro ss  s e c tio n  a (n ,n ! ) can d i f f e r  co n sid e rab ly  
from crc (n) o r a (th e  n o n -e la s t ic  c ro ss  s e c t io n ) ,  
a ( n ,n ')  was taken  to  be equal to  <7 -  [ cr(n,p + n ,pn ) +
c(n ,d ) + a (n ,a  + n ,an ) ......... ] ;
TABLE 7
Com parison betw een e x p e rim e n ta l and th e o r e t i c a l  (n .2 n )  c ro s s  s e c t io n s
n e a r  A -  60
Iso to p e VP
n
N eutron
en erg y
(MeV)
a ( n ,n ')
(mb)
T em perature
(MeV) ath e o r .(mb)
^0) w
R e feren ce
Mn55 < 0.01 14.5 1250 1.45 950 805 P re se n t r e s u l t s
Co59 < 0.01 15 .8 1220 1.38 770 720 If
14.8 1 .44 930 830 II
Ni58 4 13.8 19 I t
14 .8 36 II
Cu65 0 .08 13 .8 1300 1.35 770 410 II
14.8 1.41 950 550 II
Cu65 < 0 .0 1 12.1 1.22 570 500 Pt61
13.8 1350 1.33 990 850 II
14.8 1 .39 1,100 930
16.5 1.48 1,200 1,000 II
zn64 1 13.8 96 P re se n t r e s u l t s
14.8 182 II
C a lc u la te d  from a v a i l a b le  d a ta  a t  e n e rg ie s  n e a r  to  14 MeV. ane was o b ta in e d  
from  th e  t a b u la t io n s  o f  Howerton (H o59)» th e  (n ,p )  + (n ,p n )  c ro s s  s e c t io n s  from 
A lla n  (A161) ;  th e  ( n ,a )  + (n ,a n )  c ro s s  s e c t io n s  from  Kumabe e t  a l .  (Ku58)j th e  
( n ,d )  c ro s s  s e c t io n  i s  a  t r i v i a l  c o r r e c t io n  and has been  tak e n  as 25 mb
C O
th ro u g h o u t, th e  v a lu e  f o r  N iJ (n ,d )  m easured by G lover and P u rs e r  (G l6 l) .
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2) In view of the difficulty of measuring nuclear 
temperatures for the (n,n*) reaction, the
C O
Hr (n,p+n,pn) temperature, 1*55 MeV, of Glover
and Purser (Gl6l) was taken and slightly adjusted
to allow for the different mean excitation energy
of a residual nucleus after neutron emission. The
temperature dependence in the narrow range of mass
numbers considered was taken to be inversely
4proportional to A*.
Where ^/p .^ < 0.01, good agreement (Table 7) is obtained
between experimental cross sections and theoretical cross
sections based on temperatures derived from spectrum measure- 
63 Ppments. For Cu , even though ^/P is small (0.08), agreement 
with experiment is noticeably poorer. This suggests that the
simple formula should not be used to calculate (n,2n) cross
P
sections unless, as a rough criterion, ^/P^ c 0.01. However,
55 59 65\even in these cases (Mir , Co^ and Cu ) the experimental 
cross sections are approximately 10fo lov/er than the calculated 
values. This discrepancy is removed if allowance is made for 
direct interaction inelastic scattering, to which approximately 
10c/o of the (n,n‘) cross section can be attributed (e.g. Ma58d). 
This contribution should be subtracted from each (n,n‘) cross
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s e c t io n  u sed  in  th e  c a l c u la t io n s ,  because  th e  h ig h  energy
n e u tro n s  p roduced  in  a  d i r e c t  in t e r a c t io n  g e n e ra l ly  le a v e
th e  r e s id u a l  n u c le u s  w ith  i n s u f f i c i e n t  energy  to  em it a
second n e u tro n . The d is c re p a n c y  may a ls o  be p a r t i a l l y  due
to  an e f f e c t  w hich has a l re a d y  been d is c u s s e d ; nam ely t h a t
a f t e r  th e  f i r s t  n e u tro n  h as  been  e m itte d , gamma-ray em issio n
can compete fa v o u ra b ly  w ith  f u r t h e r  p a r t i c l e  em issio n , i f
th e  l a t t e r  i s  in h ib i te d  by c e n t r i f u g a l  a n d /o r  Coulomb b a r r i e r s .
P
However, when ^ /p  i s  n e g l ig ib l e  th e  n u c le u s  p roduced  on 
n e u tro n  em issio n  g e n e ra l ly  h a s  a  h ig h  l e v e l  d e n s i ty ;  i . e .  a 
la r g e  v a r i e t y  o f  sp in  s t a t e s  a re  open to  n e u tro n  em issio n ,
w hich w i l l  th e re f o r e  n o t be r e ta r d e d  s ig n i f i c a n t l y  by th e
P
c e n t r i f u g a l  b a r r i e r s .  In  o th e r  w ords, when ^ / p  i s  sm a ll, 
th e  c o m p e tit io n  from gamma-ray em issio n  sh o u ld  s im i la r ly  be 
sm a ll.
U sing th e  c r i t e r i o n  d e r iv e d  above i t  can be shown, as 
m ight be e x p e c te d , t h a t  in  g e n e ra l  th e  s im p le  fo rm u la  canno t 
p r e d ic t  (n ,2 n ) c ro s s  s e c t io n s  f o r  l i g h t  n u c le i  ( e .g .  v a lu e s
p
of ^ /p  f o r  N ^ ,  A l2^ , and P ^  a re  20, 0*5 and 0 .6  r e s p e c t iv e ly ) ,  
b u t sh o u ld  h o ld  f o r  heavy n u c le i .
In  th e  above d is c u s s io n  th e  in c id e n t  p a r t i c l e  was assumed 
to  be a  n e u tro n  f o r  th e  sake o f convenience on ly ; th e  
d is c u s s io n  i s  v a l id  f o r  any r e a c t io n  (x ,2 n ) ,  i r r e s p e c t iv e  o f
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the type of incident particle*
6. CONCLUSIONS
Data derived from study of the spectra of emitted 
particles in neutron induced reactions are, in general, in 
agreement with data obtained from activation studies.
Cross sections for charged particle emission measured by 
the two techniques are consistent with each other. In 
addition, theoretical (n,2n) cross sections, calculated 
from the Weisskopf-Ewing formula using temperatures derived 
from spectrum measurements, are in good agreement with 
activation results for cases in which the underlying 
theoretical assumption is valid, i.e. that the second 
particle emitted is always a neutron.
Comparison of experimental and theoretical isomeric 
cross section ratios can lead to valuable information on the 
little-known parameter a, and hence on the moment of inertia 
of excited nuclei. The theory is, however, too crude to 
give accurate values of the spin cut-off parameter.
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C H A P T E R  V
SOME REACTIONS INDUCED BY LOW ENERGY DEUTERON 
BOMBARDMENT OF B11
1 . INTRODUCTION
I n f o r m a t io n  a b o u t th e  s t r i p p i n g  m echanism  can  be  o b ta in e d  
b y  s tu d y in g  ( d ,p )  r e a c t i o n s  f o r  w h ich  th e  a b s o lu te  m ag n itu d e  o f  
t h e  Q -v a lu e  i s  s m a l l .  F o r  such  r e a c t i o n s ,  a t  low bom barding  
e n e r g i e s ,  th e  compound n u c le u s  c o n t r i b u t i o n  w i l l  g e n e r a l l y  be 
i n h i b i t e d  by th e  Coulomb a n d /o r  c e n t r i f u g a l  b a r r i e r s ;  th e  
compound n u c le u s  d e c a y in g  p r e f e r e n t i a l l y  th ro u g h  o th e r  e x i t  
c h a n n e ls ,  i n v o lv in g  th e  e m is s io n  o f  e i t h e r  n e u tr o n s  o r  h ig h  
e n e rg y  p r o to n s  o r  a lp h a  p a r t i c l e s .
W ilk in so n  (W i58) p o in te d  o u t t h a t  f o r  su ch  low  + Q -v a lu e , 
low  bom bard ing  e n e rg y  ( d ,p )  r e a c t i o n s  th e  s t r i p p i n g  s h o u ld  be  
r e l a t i v e l y  f r e e  o f  n u c le a r  and Coulomb d i s t o r t i o n s .  H is m ain  
a rg u m e n t, w hich  was o u t l i n e d  b r i e f l y  i n  S e c . 3*3* o f  th e  
i n t r o d u c to r y  c h a p te r ,  can  be r e s t a t e d  from  th e  p o i n t  o f  v iew
I n  t h i s  c h a p te r ,  when a  r e a c t i o n  h a s  a  Q -v a lu e  c lo s e  to  z e ro  
i t  i s  s a id  to  have  a  low Q -v a lu e .
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o f th e  d isp e rs io n  r e la t io n s  d e r iv a t io n  of th e  B u tle r
s t r ip p in g  c ro ss  se c tio n  (Am59)• In  th i s  approach, the
lo w est o rd er Born approxim ation o f the  c ro ss  s e c tio n  co n ta in s
2 2th e  energy denom inator q + k^  , where i  i s  the  wave number 
o f the  cap tu red  nucleon and q i s  the  momentum w ith  which i t  
approaches th e  su rfa c e . Thus a t  th e  pole (q » -  k ) in  
th e  u n p h y sica l re g io n  o f th e  q p la n e , the B u tle r  theory  i s  
e x ac t, s in ce  i t  i s  i n f i n i t e l y  g re a te r  than  a l l  th e  o th er 
c o n tr ib u tio n s . Near the  p o le  th e  Coulomb d is to r t io n s  should 
a ls o  be sm all. B u tle r  (Bu57) p o in ted  out th a t  th e  angu lar 
d i s t r ib u t io n  should  be alm ost independent of the  Coulomb 
e f f e c t s ,  when the  c h ie f  c o n tr ib u tio n  to  th e  s t r ip p in g  c ro ss  
s e c tio n  comes from p a r t i a l  Y/aves w ith  h igh  an g u la r momenta. 
W arburton and Chase (Wa60) then  showed, from u n c e r ta in ty  
p r in c ip le  c o n s id e ra tio n s , th a t  th e  c ro ss  s e c tio n  n ear the 
p o le  i s  made up predom inantly  o f h igh  p a r t i a l  waves. Hence, 
when the s t r ip p in g  re a c t io n  occurs n ear the  p o le , the  simple 
s tr ip p in g  th eo ry  should be v a l id .
Assuming an i n f i n i t e l y  heavy nu c leu s , th e  energy 
denom inator can be w r i t te n  as (Wa60)
D = |^ ( q 2 + kn2) -  3E + 2Q+Bd -  2(2E2 + 2E&)trcos 6 , ( l )
v/here a l l  the  e n e rg ie s  a re  in  MeVj B^ i s  th e  deu teron  b ind ing
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energy and E th e  energy of th e  deu teron  in  the  cen tre -o f-m ass  
system . At zero  d eg rees , D has i t s  sm a lle s t v a lu e  a t  E = -2Q, 
w hile  fo r  p o s i t iv e  Q -values, D has a broad minimum a t  E = Q. 
T herefo re  low Q-value s t r ip p in g  re a c t io n s  a re  c lo se  to  th e  
s t r ip p in g  po le  a t  low bombarding e n e rg ie s .
Q uite r e c e n t ly ,  however, Gibbs and Tobocman (G i6 l, To60) 
c a r r ie d  out a number of d is to r te d  wave c a lc u la tio n s  fo r  v a rio u s  
v a lu es  o f th e  bombarding energy and Q v a lu e  and found, c o n tra ry  
to  the  above argum ents, th a t  d i s to r t io n  e f f e c ts  a re  very  
prom inant fo r  low Q va lue  re a c t io n s  a t  low bombarding energy, 
even though th e  p ro to n  angu lar d i s t r ib u t io n  may sometimes have 
a "sim p le” shape. In  o th e r words, even i f  the  an g u lar 
d i s t r ib u t io n  can be f i t t e d  w ith  a B u tle r  s tr ip p in g  curve , 
d i s to r t io n s  may s t i l l  be p re s e n t. In  th i s  r e s p e c t ,  a s tudy  of 
the  p o la r iz a t io n  of the  em itted  p ro to n s  or o f th e  an g u lar 
c o r r e la t io n  of the  d e -e x c ita t io n  gamma ray s  i s  ex trem ely  
v a lu a b le , as th ese  measurements can shed more l i g h t  on the  
r e a c t io n  mechanism. For in s ta n c e , i f  th e re  are  no d i s to r t io n s  
the  p ro to n s  w i l l  be u n p o la rized .
S ince in fo rm atio n  reg a rd in g  the  dependence of d i s to r t io n
11 12e f f e c t s  on the  Q value  may be o b ta in ed  from the  B (d ,p)B
r e a c t io n  (th e  Q v a lu e s  fo r  the  ground and f i r s t  e x c ite d  s ta te
t r a n s i t io n s  being  1.14 MeV and 0 .19  MeV r e s p e c t iv e ly ) ,  the  
11iso to p e  B was chosen as the t a r g e t  m a te r ia l .  For a  deu teron
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laboratory energy of 1 MeV, the energy denominator D
has the values 2#46, 5»06 and 7»66 at the angles 0°, 90°
and 180° respectively for the first excited state transition,
and 4, 7*1? and 10.2 at the corresponding angles for the
11ground state transition. Thus the B (d,p) stripping reaction
12leading to the first excited state of B , is closer to the
stripping pole than the reaction leading to the ground state
12 +of B . Furthermore, the reaction leading to the first
12excited state of B " can be studied in some detail by taking 
p - Y angular correlation measurements. Such measurements can 
detect distortion effects even if these effects are not 
prominent in the proton angular distributions. As was pointed 
out in the introductory chapter, the effect of distortion of
the incident and emitted waves on an angular correlation for
11& - 1 capture (such as the B (d,pY) reaction through the 
first excited state) is to shift the axis of symmetry away 
from the recoil direction and introduce azimuthal anisotropy. 
Moreover, in addition to shedding more light on the spin of 
the first excited state (known to be 3+)> the correlation 
can lead to valuable information on the angular momentum 
coupling scheme relevant to the A = 12 region of the p-shell.
The values for D also indicate why the Butler theory tends 
to deviate from observed distributions at backward angles.
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Some work has a lre ad y  been c a r r ie d  out on the  
11 12B (d ,p)B  r e a c t io n .  In  th e  deu teron  energy range 0 .5  to
3 .0  MeV, Kavanagh and Barnes (Ka58) observed no s ig n  of
12s t r u c tu r e  in  the  th in - ta r g e t  y ie ld  of B b e ta  p a r t i c l e s .
As th e  resonances observed in  the  B (d,n)C  (15*1 MeV)
re a c t io n  were ab se n t, i t  was concluded th a t  th e  s t r ip p in g
mechanism must dominate th e  (d ,p ) r e a c t io n .  The p ro ton
an g u la r d is t r ib u t io n s  to  the  ground and f i r s t  e x c ite d  s ta t e  
12of B have p re v io u s ly  been measured only a t  th e  deu teron  
energy o f 8 .0  MeV (Ho53a)* At th i s  energy, th e  p lane  wave 
s t r ip p in g  th e o ry  was found to  g ive  a good d e s c r ip t io n  of the  
observed t  = 1 n eu tron  c a p tu re . The angu lar d is t r ib u t io n  
o f the  0*95 MeV gamma ra y  produced in  the  (d ,p ) r e a c t io n  has 
r e c e n t ly  been s tu d ie d  by Kondaiah and B adrinathan  (Ko60a) a t  
a deu teron  energy o f 800 keV, b u t exam ination of t h e i r  r e s u l t s  
shows th a t  th ey  a re  in  d isagreem ent w ith  th eo ry . No (d,<x) 
an g u la r d i s t r ib u t io n s  or e x c i ta t io n  fu n c tio n s  have been 
measured p re v io u s ly .
The s t r ip p in g  re a c t io n s  of sm all Q, v a lu es  tend  to  have 
been n e g lec te d  owing to  the  p r a c t i c a l  d i f f i c u l t y  of s e p a ra tin g  
th e  p roduct p ro to n  groups from s c a t te re d  d eu te ro n s . For low 
bombarding e n e rg ie s , th e  sim ple exped ien t o f u s in g  absorb ing  
f o i l s  between th e  t a r g e t  and th e  co u n te r , to  s to p  th e  deu tero n s
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and allow  th e  p ro to n s  th rough , cannot be used s u c c e ss fu lly  
w ith  s c i n t i l l a t i o n  d e tec to rs»  This i s  due to  th e  in h e re n t 
low energy r e s o lu t io n  of th ese  d e te c to rs  f o r  low energy 
p a r t i c l e s  (o f th e  o rd er of 0 .5  MeV, say ) , as w e ll as to  
th e  p resence  of in te n se  n eu tron  and gamma ra y  backgrounds.
The low n o is e , good re s o lu t io n ,  and narrow s e n s i t iv e  reg io n  
o f s o l id  s ta t e  d e te c to r s ,  a llow s most of the  above d i f f i c u l t i e s  
to  be overcome» In  a d d it io n , th e  s o l id  s ta t e  d e te c to r  system 
can be made l i g h t  and compact, th u s  f a c i l i t a t i n g  the  measure­
ment of gamma-ray c o r r e la t io n s .  In  th i s  sense i t  has a 
d e f in i te  advantage over th e  r a th e r  massive m agnetic a n a ly se rs .
2 . EXPERIMENTAL DETAILS 
2 . 1* S cattering ; Chamber
The s c a t te r in g  chamber (fig *  28) was made of b ra s s , o f 
d iam eter 20.3  cm and w all th ic k n e ss  0.16  cm. In  o rd er to  keep 
th e  gamma ra y  background low, bo th  th e  beam c a tc h e r  and the  
f i r s t  beam stop  (diam 0 .3  cm) were p laced  as f a r  from th e  
ta r g e t  as p o s s ib le  (43 cm behind and 142 cm in  f r o n t  o f the 
ta r g e t  r e s p e c t iv e ly ) . The in c id e n t beam was f u r th e r  c o llim a te d  
by two 0 .16  cm d iam eter bean d e fin in g  a p e r tu re s  made of tan ta lum ; 
one a p e r tu re  being  mounted 10 cm and th e  o th e r 40 cm from the  
ta r g e t .  The accuracy  of l in in g  up was checked by means o f a
Fig. 28» Scattering Chamber
1. Stainless steel target mount, capable of rotation 
and up and down movement.
2. Rotating mount for solid state detector (S^).
3* Window.
4* Quartz viewer.
5* Surface barrier detector.
6. Aluminium collimator.
7« Sliding foil holder on which three absorbing 
foils are mounted.
8. Target holder with four available target positions. 
9* Monitor counter (Sg) •
10. Thorium alpha particle source for calibration 
purposes.
11. Tantalum beam defining aperture.
12. Thrust race.
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q u a rtz  v iew er [ shown as (4) on fig*  28 J , as w e ll as by 
means o f a q u a rtz  p la te  mounted in  one of th e  ta r g e t  
p o s i t io n s .  W ithout b reak ing  th e  vacuum, fo u r d i f f e r e n t  
ta r g e ts  cou ld  be exposed to  the  beam and r o ta te d  in  the  
re a c t io n  p lan e  to  any angle w ith  re s p e c t to  th e  beam 
d ir e c t io n .
Two s i l i c o n  su rface  b a r r i e r  d e te c to rs  were m anufactured 
from /[00 n  n -ty p e  s i l ic o n  and mounted in s id e  aluminium 
c o llim a tin g  system s. The energy re s o lu t io n  o f th e  r e l a t i v e ly  
la rg e  a re a  d e te c to rs  ( ^  0 .7  cm ) was approx im ately  1 •jfo fo r  
8 MeV Th C c u p a r t ic le s .  One of th e  d e te c to rs  (S^ on fig*  29) 
could  be r o ta te d  through ^60° about th e  ta r g e t  as cen tre  w ithou t 
b reak ing  th e  vacuum, w hile  the  o th e r  d e te c to r  could  be p re s e t  
a t  any an g le . For an g u lar d i s t r ib u t io n  measurements, th e  f r o n t  
face  o f th e  aluminium c o llim a to r  c o n ta in in g  d e te c to r  3 , was 
s e t  a t  a d is ta n c e  of 6.5 cm from th e  ta r g e t ,  th e  r e s u l t in g  
an g u lar r e s o lu t io n  being  approxim ately  2°. For th e  an g u lar 
c o r r e la t io n  measurements i t  was moved c lo s e r  to  the  ta r g e t  
(5*5 cm).
The c o llim a te d  d e te c to rs  were sh ie ld ed  from s tra y  l i g h t  
and e l a s t i c a l l y  s c a tte re d d e u te ro n s  by one of th re e  f o i l s ,  
which were mounted on s l id in g  f o i l  h o ld e rs . The f o i l  h o ld e rs  
were h e ld  in  p o s i t io n  by sp rin g  loaded b a l l  b e a r in g s , bu t a
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hooked, s l id in g  s t e e l  rod. p ass in g  th rough  the  to p -p la te  of 
th e  chamber (n o t shown in  f i g .  28) enabled  th e i r  p o s i t io n  
to  be changed r e a d i ly .  This in te rc h a n g e a b i l i ty  of abso rber 
f o i l  th ic k n e ss  was needed in  o rd er to  enable th e  e l a s t i c a l l y  
s c a t te r e d  deu terons to  be sep a ra te d , over a reaso n ab le  
an g u la r ran g e , from the  low energy p ro to n s  produced in  the  
f i r s t  e x c ite d  s ta t e  (d ,p ) re a c t io n .  (The energy o f th e  low 
energy p a r t i c l e s  v a r ie s  q u ite  r a p id ly  w ith  the  la b o ra to ry  
a n g le .)
2 .2 . T argets
11Elem ental boron, en riched  to  more th an  9 9 i n B , was
evaporated  from sm all carbon b o a ts  onto s e lf -s u p p o r tin g  carbon
f o i l s  approx im ately  4 keV th ic k  f o r  1 MeV d eu tero n s. However,
bombardment of th ese  ta r g e ts  by deu terons proved th a t  they
c o n ta in ed  a c o n sid e rab le  amount of oxygen im p u rity  and a tra c e
of heavy e lem ents. These im p u r itie s  made the  ta r g e ts  u n su ita b le
f o r  s t r ip p in g  r e a c t io n  s tu d ie s , because th e  p ro to n  group from
th e  0 ^ ( d , p ) 0 ^ *  (0 .87  MeV) r e a c t io n  in te r f e r e s  w ith  the  
11 12B (d ,p )B  ground s t a t e  t r a n s i t io n  and, secondly , deu terons 
e l a s t i c a l l y  s c a t te re d  from heavy e lem en t(s) obscure the  
B (d ,p )B  f i r s t  e x c ite d  s ta t e  t r a n s i t i o n  a t  a l l  b u t a  few 
forw ard  a n g le s . In  o rd e r to  overcome th i s  l a t t e r  problem ,
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11th in  B o0_ ta r g e ts  were p repared  by ev ap o ra tin g  from tan ta lu m  
2 2
11b o a ts  B C)_ en rich ed  to  more th an  99*5^ in  B . However, in  
2 3
s p i te  o f a l l  p re c a u tio n s , th e  r e s u l t in g  ta r g e ts  again  co n ta in ed, 4 5n
a v ery  sm all f r a c t io n  (.1 p a r t  in  10 to  10 )  of a  heavy elem ent, 
presum ably tan ta lum .
T herefo re  s p e c tra s c o p ic a lly  pure e lem en ta l boron in  i t s  
n a tu ra l  is o to p ic  abundance was c a r e fu l ly  evaporated  from carbon 
b o a ts  onto  th e  th in  carbon f o i l s  (which had p re v io u s ly  been 
shown to  co n ta in  none o f th e  u n d e s irab le  co n tam in a tio n ). The
p a r t i c l e  spectrum  ob ta in ed  on deu teron  bombardment o f th e se
16 1Tta rg e ts  co n ta in ed  no s ig n  o f the  0 (d ,p )0  ground s t a t e  p ro to n
group, and th e  gamma ra y  spectrum  s im ila r ly  showed no s ig n  of the 
0 .87  MeV gamma ray  produced in  th e  0 (d ,p )0  f i r s t  e x c ite d
s ta te  t r a n s i t i o n .  As a f u r th e r  check on th e  absence o f oxygen 
co n tam in atio n , the  r a t i o  of i n t e n s i t i e s  o f th e  ground s t a t e  
p ro to n  and a lpha  p a r t i c l e  groups was measured a t  s e v e ra l an g le s  
and compared w ith  the  co rresponding  r a t io s -  ob ta ined  from th re e  
d i f f e r e n t  pu re  B ta r g e ts  (on th ic k  backing) p repared  a t  
A .E .R .E ., H arw ell.
2*3* G eneral F ea tu res  and O peration
A s e lf -e x p la n a to ry  b lock  diagram  o f th e  e le c tro n ic  equipment 
used  in  th e  an g u la r c o r r e la t io n  measurements i s  shown in  f ig u re  29«
DEUTERON BEAM
TARGET AREA
CONTROL ROOM
SCALER SCALER
( 1 4 3 0 )
S.C.A.
( 14 3 0  A ) ( I 4 3 0 A )
SCALER4 0 0  CH.
DELAYED
F ig . 29. Block diagram o f slow co incidence e le c tro n ic s .
S«j R o ta ta b le  s o l id  s ta t e  coun ter op era ted  a t  a re v e rse  
b ia s  o f 40v .
11 9S2 M onitor s o l id  s ta t e  co u n te r; the  B (d ,a )B e7 ground 
s t a t e  r e a c t io n  being  used  as the  m onitor re a c t io n .
P . M .  A 1-J-” x 2” N al(T l) c r y s ta l  mounted on an 3 v I I  953&B 
p h o to m u ltip lie r .
P A m odified  Oak Ridge Q -  2O69B -  3 , low n o ise  charge 
s e n s i t iv e  p re a m p lif ie r .
B B locking o s c i l l a to r  p ro v id in g  a 10 v o l t  n eg a tiv e  p u lse  
o f 1 ps d u ra tio n  to  open the  "delayed” co incidence g a te  
o f th e  p u lse  h e ig h t a n a ly se r  (P .H .A .) .
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For angu lar d i s t r ib u t io n  m easurem ents, th e  am p lified  
p u ls e s  from the  ro ta ta b le  d e te c to r  were fed  d i r e c t ly  
in to  the  4-00 channel p u lse  h e ig h t a n a ly se r . For m onitoring
purposes, th e  f ix e d  d e te c to r  was used  to  d e te c t  the
11 9ground s ta t e  c i-p a r t ic le  group from th e  re a c t io n  B (d,&)Be • 
The u n sh ie ld ed  and u n co llim a ted  gamma ra y  d e te c to r , a 
I-4- in .  d iam eter by 2 in .  h igh  N al(T l) Harshaw c r y s ta l  mounted 
on an E .M .I. 953&B p h o to m u ltip lie r  tu b e , was mounted on an 
an g u la r d i s t r ib u t io n  ta b le  whose c e n tre  was v e r t i c a l l y  below 
th e  ta r g e t .  A ll s c a t te r in g  m a te r ia l  around th e  ta r g e t  was 
k e p t to  a  minimum to  reduce th e  n eu tro n  induced Y -ray back­
ground. The n eu tro n  background from th e  bending magnets and 
f i r s t  beam stop  was co n sid e rab ly  reduced  by se v e ra l f e e t  of 
boron loaded p a r a f f in  sh ie ld in g .
The co incidence  equipment was s e t  up in  the  u su a l manner,
16 17 xand i t s  o p e ra tio n  checked, by means of th e  0 (d ,p$0 (0.87
MeV) re a c t io n .  The Y -ray s in g le  channel a n a ly se r  window was 
s e t  acro ss  th e  photopeak o f th e  d e -e x c i ta t io n  gamma ra y , bu t 
th e  window in  th e  p ro to n  channel was a d ju s te d  to  accep t 
p a r t i c l e s  over a la rg e  energy range to  enable an a ccu ra te  
check to  be made o f th e  number of a c c id e n ta l  co in c id en ces . 
Agreement between th re e  independent d e te rm in a tio n s  o f th e  
random background was con tin u o u sly  o b ta in ed . In  th e  f i r s t
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method the random count r a t e  was determ ined from the  
s in g le  count r a t e s  and th e  known re so lv in g  tim e o f the 
co incidence  u n i t ;  in  th e  second method the  d e lay  was 
changed so th a t  the  p u lses  were no lo n g er in  co incidence; 
and in  the  l a s t  method th e  window in  the  Y-ray channel was 
s e t  above th e  photopeak of th e  950 keV Y -ray, the  count 
r a t e  in  th e  window being  kep t c o n s ta n t. In  o rder to  m ain ta in  
a c o n s ta n t random co incidence  r a t e ,  th e  beam c u rre n t was kep t 
as s tea d y  as p o s s ib le . By f re q u e n tly  r e f e r r in g  to  th e  ungated  
gamma spectrum , the  charged p a r t i c l e  s p e c tra ,  the  m onitor 
s p e c tra ,  as w ell as th e  fo u r s c a la r s  used  a t  the  p o in ts  shown 
( f ig .  29) ,  c o n d itio n s  cou ld  be kep t c o n s ta n t and an angu lar 
c o r r e la t io n  measured a c c u ra te ly .
With the  gamma ra y  d e te c to r  a t  a g iven  ang le , a  co incidence 
p ro to n  spectrum  was reco rd ed  fo r  a f ix e d  number of m onitor 
co u n ts . The gamma ra y  d e te c to r  was then  moved to  one of th e  
o th e r  an g les  (th e  o rd er being  chosen a t  random) and the 
p rocedure  re p e a te d  u n t i l  th re e  runs had been recorded  a t  each 
an g le . The tru e  co incidence  r a te  was approxim ately  4 c/m in, 
compared to  a random r a te  of 0 .7  c/m in. The u n c e r ta in ty  due 
to  m isalignm ents and c e n te r in g  was shown to  be le s s  than  
by m easuring th e  co incidence  count r a te  a t  90° and 60° on bo th  
s id e s  o f th e  chamber [u s in g  the  0** (d,pY)0*^* (0.87 MeV)
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reaction]. Corrections of up to 6c/o were made for absorption
of Y-rays by the target mount at certain angles of the gamma
65detector. These were measured by placing a strong Zn 
(1.114 MeV) gamma ray source in the target position and 
allowing for the change of absorption with Y-ray energy.
3. RESULTS AID DISCUSSION 
3*1• General
Figure JO shows typical gated and ungated charged particle
energy spectra obtained on deuteron bombardment of the boron
targets. !The plateaus* are probably due to the three body
10 4break-up B + d —> ^ B.e and to the many body reaction,
11B + d —> Ja + n (Ka58). The absence of oxygen contamination
is evident from the lack of a proton peak corresponding to the
0 (d,p)0 ground state reaction. The observed energy spread
of the particle groups arises primarily from straggling in the
absorber foil and the angular resolution of the detectors. The
proton groups corresponding to the reaction B (d,p)B * were
11absent in spectra obtained from enriched B targets.
11 Q3*2. The Reaction B (d.cpBe'7
The excitation function obtained for the ground state 
alpha transition is structureless (figure 31)• Because the
Fig» 50. The energy spectra of the charged particles 
observed at 50° on deuteron bombardment of a boron target 
on a thin carbon backing. Only the low energy region of 
the spectra obtained at a bombarding energy of 1.0 MeV is 
shown, whereas the spectrum obtained at 0.7 MeV (inset) 
includes also the high energy region.
X- P.
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DEUTERON ENERGY ( MEV)
Fig» 51> The excitation functions (curve C) for the 
B ^(d,ao)Be^ and B^(d,pQ)B^ reactions, using a target 
approximately 15 keV thick for 1 MeV deuterons. Curves 
A and B show the ratios of the yield at 156° to that at 
40° for the ground state alpha and proton groups
respectively.
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C M. ANGLE OF OBSERVATION
F ig . 52. Angular d is t r ib u t io n s  of a lp h a  p a r t i c l e s  fo r  
11 9the B (d ,a)B e^ ground s t a t e  t r a n s i t io n .  A l e a s t  squares 
f i t  ( s o l id  curve) to  the  1.02 MeV r e s u l t s  gave a 
d i s t r ib u t io n  of the  form 1 + (0.41 + 0 . 0 2 ) 0 0 3  ^ ©•
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13compound nucleus C i s  a t  an e x c i ta t io n  energy o f 19»5
MeV, the  c ro ss  s e c tio n  i s  p robab ly  due to  c o n tr ib u tio n s
from o verlapp ing  compound nucleus s ta te s »  Furtherm ore,
th e  an g u lar d is t r ib u t io n s  ( f i g .  32) o b ta ined  a t  th e
d eu tero n  e n e rg ie s  o f 0.70  and 1.02 MeV (th e  l a t t e r  showing
c o n tr ib u tio n s  from Z = 1 d eu teron  cap tu re ) show no signs
o f in te r fe re n c e  term s ( i . e .  asymmetry about 90° ) ,  in d ic a t in g
th a t  th e  r e a c t io n  p robab ly  p roceeds through many overlapp ing
le v e ls  of th e  compound nuc leus.
The a lp h a  group le ad in g  to  th e  second e x c ited  s ta t e  o f
Bey (2 .43  MeV) was obscured, a t  most an g le s , by th e  much more
12 13in te n s e  p ro ton  group from the  C (d,p)C  ground s ta t e  r e a c t io n .  
At 110° and a deu teron  energy of 1.02 MeV, the  c ro ss  s e c tio n  
fo r  th e  form ation  of th e  2*43 MeV s ta t e  r e l a t iv e  to  th a t  fo r  
th e  ground s ta t e  was observed to  be 0 .8 0  + 0 .0 6 . At 40° and a 
bombarding energy of O.7O MeV, t h i s  r a t i o  had the va lue  o f 
0 .9  ±0 . 1. I f  the  assum ption o f many overlapp ing  le v e ls  i s  
indeed  v a l id ,  th e  t o t a l  (d ,a ) c ro ss  s e c tio n  to  in d iv id u a l 
le v e l s  can be c a lc u la te d  from the  form ula (Fe60b)
/ ^  ^ * N %
oR(X  »'X ) = ( 2j +i ) ( 2 s + l ) ( 2J  +1) c
i I V(,«>
IT %» i " S"
(2 )
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where the initial and final channels are specified by 
X  and- X’ respectively; the channel spin (s) is the 
vector sum of the target spins (J) and particle spin (s); 
and the compound spin J = £ + S. The cross section is 
therefore a function of the final spin, which for the 2*43 
MeV level is thought to be either -fr- or ^ - (Aj59) • The 
results of calculations carried out for a deuteron energy 
of 1,02 MeV, using spin independent optical model transmission 
coefficients (Fe53)> are summarized in table 8. Although the 
calculated branching ratios are not very accurate (an error 
of approximately 10^ 4 being introduced due to uncertainties 
in the interaction radius), they nevertheless favour the 
assignment of ^--rather than js; - for the spin of the 2*43 MeV 
state.
TABLE 8
Calculated alpha -particle branching ratios
Spin of 2.43 MeV Level 42- X.2+ 3/2- 3/2+ 5/2- 5/2+
0 (2,43V  a (0) 0.43 0.39 0.65 0.75 0.81 0.71
3*3.
11 19The B (a.n)B^ Ground State Reaction
The excitation function for the ground state proton 
group (which was approximately three times as intense as
L»
ft £ 
ft 1 8
° a
i ‘zz m
I  5  4
5 ^
u .
5  2
Ed= 0 - 7 0 M E V
Vi
i
■ | i
* /t
/
i 11
L i ,  i 5
4
' \ s B U T L E R  C U R V E
(L= 1 , R = 5 - 4  F M j
x ^
X ^
/
.  /
✓
2 0  4 0  6 0  8 0  IOO 120 140 160 180
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Fig» 55« Angular d is t r ib u t io n  of p ro tons from the  
re a c t io n  B ^ (d ,p  ) B ^  f o r  O.7O MeV in c id e n t deu terons
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PROTON ANGLE IN C.M.
Fig« 54« Angular d i s t r ib u t io n  o f p ro to n s  from the
re a c t io n  B (d ,p o)B^2 fo r  1.02 MeV in c id e n t deu terons
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the ground s ta t e  a lpha group) v/as s t r u c tu r e le s s  in  th e  
range of bombarding e n e rg ie s  0.45 -  1*05 MeV ( f ig .  3*0 •
Curve B of f ig u re  3*! in d ic a te s  th a t  backward em ission of 
pro tons becomes more im p o rtan t as th e  deu teron  energy i s  
decreased . This tre n d  can a lso  be seen in  th e  an g u lar 
d is t r ib u t io n s  ob ta ined  a t  th e  bombarding e n e rg ie s  o f 0.70 
and 1.02 MeV ( f ig s .  35 and 34 r e s p e c t iv e ly ) .  P lane wave 
B u tle r  s t r ip p in g  d i s t r ib u t io n s ,  c a lc u la te d  w ith  th e  a id  o f 
L u b itz ’ s ta b le s  (Lu57)> d e v ia te  co n sid e ra b ly  from the  observed 
d is t r ib u t io n s  a t  backward a n g le s . The la rg e  c ro ss  s e c tio n  a t  
backward an g les  could  be due to  heavy p a r t i c l e  s t r ip p in g , b u t 
re c e n t re fin em en ts  in  the th eo ry  of o rd in a ry  s t r ip p in g  (see  
Chap, i )  have shown th a t  backward peaking need no t be i n t e r ­
p re te d  as heavy p a r t i c l e  s t r ip p in g . The r e s u l t s  w i l l  be f i t t e d  
w ith d is to r te d  wave c a lc u la t io n s  to  see i f  t h i s  l a t e s t  improve­
ment in  d i r e c t  in te r a c t io n  th e o r ie s  can e x p la in  th e  observed 
d is t r ib u t io n .
11 123. 4« The B (d.p)B  F i r s t  E x c ited  S ta te  R eaction  
3*4.1. The -proton an g u lar d i s t r ib u t io n
F igure  35 shows th e  p ro to n  an g u lar d i s t r ib u t io n  observed 
a t  an in c id e n t energy o f 1.0 MeV. In  o rd e r to  reduce back­
ground problem s, some p o in ts  (those  denoted by c ro sse s)  were
BUTLER CURVE 
( L - l ,  R = 4 - 9  FM.)
IS OSO
PROTON ANGLE IN C M .
F ig . 55» Angular d is t r ib u t io n  of p ro to n s  from the  re a c t io n  
(d ,p )B ^“ * to  the  f i r s t  e x c ited  s t a t e  a t  O.95 MeV, a t  a 
bombarding energy o f 1.0 MeV. The s o l id  l in e  i s  the b e s t - f i t  
B u tle r  cu rve . P o in ts  denoted by c i r c l e s  were ob ta ined  from 
the ungated  p a r t i c l e  spectrum . P o in ts  denoted by c ro sses  
were o b ta ined  by ta k in g  a co incidence between the  p ro ton  
group and the O.95 MeV d e -e x c ita t io n  gamma ray  d e tec te d  
p e rp e n d icu la r  to  the r e a c t io n  p la n e .
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obtained by m easuring the  p ro to n  group in  co incidence 
w ith  the  0.95 MeV d e -e x c ita t io n  gamma ray s  em itted  
p e rp e n d icu la r  to  th e  re a c t io n  p lan e . In  th e  p lane wave 
th eo ry  th e  r e s u l t s  of such a measurement, as a fu n c tio n  of 
the angle  between th e  p ro tons and in c id e n t d eu tero n s, would 
be th e  same as th e  d i f f e r e n t i a l  c ro ss  s e c tio n  fo r  p ro to n s  
no t in  co in c id en ce , p rovided  only one t  v a lu e  co n trib u te s*
In  th e  d is to r te d  v/ave th eo ry  i t  tu rn s  out th a t  th is  i s  s t i l l  
tru e  w ith  t  = 1 (th e  p re se n t c a se )4".
In  support o f W ilk in so n 's  arguments on th e  low Q, v a lu e , 
low bombarding energy (d ,p ) r e a c t io n s ,  th e  observed an g u la r 
d is t r ib u t io n  i s  in  good agreement w ith  th e  p lane wave s t r ip p in g  
th eo ry  p re d ic t io n s  fo r  Z = 1 neu tron  cap tu re  and th e  reaso n ab le  
ra d iu s  o f 4*9 fin (th e  G am ow -Critchfield ra d iu s  being  4*5 fin).
3. 4 . 2 . The Angular D is tr ib u tio n  o f th e  0 .95  MeV D e -e x c ita tio n  
Gamma Ray
The B ta r g e t  [85 Mg/cm en rich ed  ( > 99*9$) B on a 
0.015 cm th ic k  Ni backing ] used  in  th ese  measurements was 
su p p lied  by A.E.R.E. H arw ell. A c a re fu l  exam ination o f the  
charged p a r t i c l e  energy spectrum  o b ta ined  on 1 MeV deu teron  
bombardment proved th a t  th e  ta r g e t  co n ta in ed  n e g lig ib le  oxygen
+ I t  i s  a lso  tru e  w ith  Z  = 0 (Sa60).
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c o n ta m in a tio n . Because p re lim in a ry  r e s u l t s  o f th e  Y -ray  
c o r r e l a t i o n  m easurem ent ( r e p o r te d  in  th e  fo llo w in g  S e c .)  
d id  n o t a g re e  w ith  th o se  im p lie d  by th e  Y -ray  a n g u la r  
d i s t r i b u t i o n  o f K ondaiah and B ad rin a th an  (K o60a), a  d e u te ro n  
energy  o f 800 keV, i d e n t i c a l  to  t h a t  u sed  by th e se  a u th o rs ,  
was employed in  t h i s  s tu d y .
The gamma, r a y  spectrum  observed  a t  90° to  th e  in c id e n t
beam i s  shown in  f ig u r e  36• The s lo p in g  background u n d e r th e
0*94 MeV peak  a r i s e s  c h i e f l y  from n e u tro n s  produced in  th e  
11 12B (d ,n )C  r e a c t io n .  I f  a llow ance  i s  made fo r  t h i s  background 
th e  peak moves to  O.95 MeV, th e  en erg y  of th e  d e - e x c i ta t io n  
gamma ra y  from  th e  f i r s t  e x c i te d  s t a t e  o f B . The C (d ,n )N  
(ß+) r e a c t io n  i s  th e  p r in c i p l e  c o n t r ib u to r  to  th e  511 keV peak; 
carbon  c o n ta m in a tio n  on th e  s to p s  and t a r g e t  a r i s in g  from o i l  
d i f f u s io n  pumps and vacuum g re a s e s .  The "background” spectrum  
shown in  f ig u r e  36  was o b ta in e d  by bom barding th e  n ic k e l  b ack in g , 
w ith  800 keV d e u te ro n s , f o r  th e  same d u ra t io n  and t o t a l  in t e g r a te d  
c u r r e n t  a s  f o r  th e  m ain spec trum . The p re se n c e  o f a sm all peak 
a t  870 keV due to  oxygen c o n ta m in a tio n , p resum ably  on th e  
d e f in in g  a p e r tu r e s ,  can  be seen  in  t h i s  background spectrum .
The gamma ra y  a n g u la r  d i s t r i b u t i o n ,  d e r iv e d  from th e  number 
o f c o u n ts  in  th e  p h o to p eak , i s  i s o t r o p i c  to  w ith in  e x p e rim e n ta l 
e r r o r s  ( f i g .  37)* T h is  r e s u l t  i s  in  s e r io u s  d isag reem en t w ith
511 KEV
9 4 0  + 10 KEV 
IB ’*)
8 7 0 1 1 0  KEV 
( O 1’ )
CHANNEL NUMBER
F ig . 56. The gamma ra y  spectrum o b ta in ed  on bombarding
1 1B (on a th ic k  n ic k e l backing) w ith  800 keV d eu te ro n s . 
The background spectrum  was ob ta ined  from a  s im ila r  
d eu te ro n  bombardment of th e  n ic k e l back ing .
< 1 O ------
Fig. 57« The angular distribution of the O.95 MeV gamma
11ray produced on bombarding B with 800 keV deuterons. 
The present results (denoted by crosses), the results of 
Kondaiah and Badrinathan (Ko60a), and the theoretical 
distributions, have been arbitrarily normalized to the 
same value at J0°.
~ 7 T
11 12Fig. 58. Schematic diagram of the B (d,p^Y)B reaction.
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th e  e a r l i e r  d i s t r i b u t i o n  o f  K ondaiah and B a d rin a th a n . I t  
i s ,  th e r e f o r e ,  o f  prim e im p o rtan ce  to  compare th e  r e s u l t s  
w ith  p r e d ic t io n s  based  on g e n e ra l  t h e o r e t i c a l  p r in c i p le s .
The geom etry  o f th e  (d ,p y ) r e a c t io n  i s  i l l u s t r a t e d  i n  
f ig u r e  38* In  S ec. 3*4* o f th e  in t r o d u c to r y  c h a p te r  i t  was 
shown t h a t ,  in  th e  p la n e  wave th e o ry ,  th e  p - Y  a n g u la r  
c o r r e l a t i o n  i s  g iv en  by
v m
W(e) = a v Py (cos e) , ( 3)
V -  0
where. Y i s  even arid th e  a v  axe c o e f f i c i e n t s  f o r  a r e s o n a n t 
(n ,y )  r e a c t io n .  For a  s in g le  c o n t r ib u t in g  £ v a lu e , th e  
a n g u la r  d i s t r i b u t i o n  o f  th e  Y-xays can be o b ta in e d  by 
av e ra g in g  over th e  (unobserved ) p ro to n  d i f f e r e n t i a l  c ro s s  
s e c t io n ,
jVe) on(en)
( o (e ) d f l .
)n  n n n
where a (ö ) i s  th e  d i f f e r e n t i a l  c ro s s  s e c t io n  f o r  r e c o i l  n n
of th e  r e s id u a l  n u c le u s  in to  th e  s o l id  a n g le  elem ent d ^ n
a t  a  p o la r  an g le  © • One th e n  f in d s ,  by a p p ly in g  th e  m ethods
developed  by Rose (Ro53> Wa60) to  e q u a tio n s  ( 3) and ( 4) ,  t h a t
th e  form  o f (© ^ )  i s  by
m
Ä i (edT) =  X  a'vQv ;v r-0 0 s e dr) ’
-v= 0
(5)
- 126 -
where
0 (max)
(cos 0 ) a (0 )sin 0 d.0v v n' n v n' n n
© (max)
(6)
a (0 ) sin 0 d0 nx n' n n
In the present case, i.e. £ = 1  neutron capture, equation 
(5) reduces to
3$J(e dY) = 1 + a2 Q2 P2(cos ©dY) , (7)
and therefore, contrary to the results of Kondaiah and 
Badrinathan, the distribution must depend on the square of 
the cosine of the angle relative to the incident direction.
Using the recoil distribution, c , given by the Butler 
theory for a radius of 4*9 fm, the radius which gave a good 
fit to the experimental distribution at the slightly higher 
deuteron energy of 1.0 MeV, a value of 0.36 is derived for 
the "attenuation coefficient" Q2 on numerical integration of 
Eq. (6). Since the angular correlation W(0) must remain 
positive at all angles for physical reasons, the coefficient 
a0 must lie in the range -1 < a0 ^  2. The resulting two 
limiting distributions, normalized to the same value at 90°5 
are shown in figure 37* All other values of a2 lead to 
angular distributions lying between these two limiting cases, 
but similar in shape to them.
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D is to r t io n  from the  simple B u tle r  th eo ry  le a d s  to  a 
reduced  a n iso tro p y  in  the  an g u la r c o r r e la t io n  ( i . e .  to  a 
reduced  |a, | ) and a lso  g e n e ra lly +to  a reduced Q,n . The 
p resence  of any compound nucleus c o n tr ib u tio n  would f u r th e r  
reduce th e  a n iso tro p y  in  the an g u lar d i s t r ib u t io n ,  because , 
in  such a p ro c e ss , th e re  i s  no p re fe r re d  a x is  of t r a n s f e r r e d  
momentum. Thus the  p resence  of any o th e r  mechanism b e s id e s  
p lane  wave s t r ip p in g  can only le ad  to  a reduced a n iso tro p y .
The r e s u l t s  o f Kondaiah and B adrina than., th e re fo re ,  
d isag ree  w ith  th e o r e t ic a l  p re d ic tio n s  and a re  in c o n s is te n t
w ith  any value o f (see  f i g .  57)» The sp in  assignm ents to
12the  f i r s t  e x c ited  s t a t e  o f B o f 2+  o r 5+ > made by th e se
a u th o rs  on the b a s is  of th e  p lane  wave s tr ip p in g  th e o ry , must
, ,[r [
th e re fo re  be d is re g a rd ed  .
The p re se n t r e s u l t s  suggest th a t  a^ i s  in  the range 
-  0.15 ^  ^  0 .1  . The va lue  o f a^ i s ,  however, e s ta b lis h e d
more a c c u ra te ly  in  th e  c o r r e la t io n  measurements re p o r te d  in  
the  n ex t s e c tio n .
W arburton and Chase (Wa60) have shown th a t  any in c re a se  in  
0,2 > which could be expected from d is to r t io n s ,  would be 
n e g l ig ib le .
I t  may be noted  th a t  th e  Y-ray energy was re p o rte d  to  be 
900 keV r a th e r  than  950 keV.
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F ig . 59« The proton-gamma an g u lar c o r r e la t io n  fo r  th e
11 12re a c tio n  B (d,p^T)B measured in  th e  re a c t io n  p la n e , 
w ith  the  p ro ton  d e te c to r  a t  5G° ( la b . )  and a bombarding 
energy of 1.0 MeV. A l e a s t  squares f i t  ( s o l id  l in e )  to  
th e  experim ental p o in ts  gave W(0) = 1 -  (0 .26 + 0.024*)Po(cos 6 ) ,  
where 0 i s  the angle  between th e  r e c o i l  d ire c t io n  (n) and
the  em itted  gamma ray.
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3 • 4» 3• The Garnma Ray Angular Correlation
Figure 39 shows the p - Y angular correlation observed 
in the reaction plane at an incident deuteron energy of 
1.0 MeV and with the proton detector at 5^°, the angle where 
the proton angular distribution peaked (see fig* 35)* The 
correlation is too near isotropy to allow distortion effects 
to be detected by measuring the possible rotation of the 
symmetry axis away from the recoil direction (see Sec. 3*4*
Chap. I). However, in agreement with the plane wave 
predictions, no azimuthal anisotropy was detected; the ratio 
of coincidence count rates v/ith the Y-ray detector in the 
reaction plane, but at right angles to the incident beam, to 
that observed with the Y-ray detector perpendicular to the 
reaction plane, being O.97 + 0.05*
Assuming, on the strength of the proton angular distribution 
(fig. 35) i that the plane wave theory is valid, i.e. that the 
symmetry axis coincides with the recoil direction, a value of 
- (0.026+ 0.024) is obtained for the coefficient a^ from a 
least squares fit to the data. The plane wave stripping theory 
predicts that a^ should be given by [see Eq. (16) of Chap, ij
a2 " X  (Jd* f Je) CL CL. V LL’ 1 Je> > <8>
where the coefficients \ and F^ have been tabulated (Sa53 and
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B i53 r e s p e c t iv e ly ) .  The th e o r e t ic a l  va lue  o f a^ i s
th e re fo re  a fu n c tio n  o f th e  sp in  of the  f i r s t  e x c ite d  
12s t a t e  o f B • The fo llo w in g  cases  occur:
( i )  = 3+
3
In  th i s  c ase , as the  ta rg e t  sp in  i s  ^ > ike  
n eu tro n  can be cap tu red  w ith  only  a s in g le  j v a lu e  
( j  a  a f  + J- = 2 )• In  a d d itio n , fo r  a sp in  of 
3+, th e  gamma decay to  the  1+ ground s ta t e  would 
p roceed  predom inan tly  by e l e c t r i c  quadrupole em ission 
( i . e .  L = L1 = 2) .  The th eo ry  then  p re d ic ts  a va lu e  
o f 0 ,3 4  fo r  a. 9 which i s  w ell o u ts id e  th e  experim ental 
e r r o r s .  The sp in  o f 3+ fo r  th i s  le v e l  i s  th e re fo re  
e lim in a te d .
( i i )  J  = 0+
The c o rre la -tio n  in  th i s  case i s  p re d ic te d  to  be 
i s o t r o p ic  ( i . e .  a^ = O ), in  reaso n ab le  agreement w ith  
th e  experim en tal r e s u l t s .  However, th e  reduced w idth 
a n a ly s is  by M acfarlane and Ibrench (lvla59) the  high 
energy s t r ip p in g  d a ta  s tro n g ly  su g g ests  th a t  th e  sp in  
i s  n o t 0+.
( i i i )  J  = 1+ o r 2+ e
I t  i s  p o ss ib le  to  f in d  a f i t  to  the  observed 
d i s t r i b u t io n  fo r  th e se  sp in  v a lu e s , s in ce  th e  n eu tro n
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can be cap tu red  w ith  b o th  j = •£ + -g- and j =
In  channel sp in  language th i s  i s  e q u iv a len t to  say ing  
th a t  fo r  th e se  sp in  v a lu es  both  channel sp in s  a re  
allow ed.
There i s ,  however, some in d i r e c t  ev idence , which su g g ests
th a t  the sp in  o f th e  le v e l  should  be 2+. For in s ta n c e , a  good
d ea l of is o b a r ic  correspondence e x is t s  between th e  le v e l s  of
B ^ and the T = 1 le v e ls  of C*^ (L a60a). P a ir in g  the  1+
12ground s ta t e  w ith  th e  f i r s t  T = 1 le v e l  in  C (th e  1+ s ta t e
a t  15»09 MeV) enab les th e  f i r s t  e x c ite d  s ta t e  of B to  be
12a s s o c ia te d  w ith  the  known 2+, T = 1 s ta t e  of C a t  16.10 MeV.
P a ir s  o f le v e l s  a t  h ig h e r e x c i ta t io n  en e rg ie s  can a lso  be
a ss o c ia te d  in  energy and sp in .
In  the  j -  j  model, which tends to  g ive a b e t te r
d e s c r ip t io n  than  th e  L -  S model in  th i s  mass reg io n , th e  sp in
12of 2+ i s  e a s i ly  accounted fo r .  The f i r s t  two le v e ls  in  B
a re  formed by the  co up ling  of one p_ /0 p ro to n  (ho le) to  a p i
3 / *  S
n e u tro n , and th e re fo re  th e  sp in s  o f th e  ground s ta t e  and f i r s t
e x c ite d  s ta te  a re  1+ and 2+ r e s p e c t iv e ly  (Ta60).
As th e  n eu tron  i s  cap tu red  in to  a p i s ta t e  in  th e  j  -  j
S
model, and hence a lso  a^ must be equal to  z e ro . This
i s  in  reaso n ab le  agreem ent w ith  the  experim ent r e s u l t s .  In  
th e  channel sp in  system , the  im portan t param eter i s  the
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channel spin coupling ratio "X , which is the ratio of 
the cross section for capture with channel spin 2 to 
that for capture with channel spin 1. If the decay 
proceeds predominantly by magnetic dipole radiation , 
the observed angular correlation leads to a value of 
(O.75 + O.23) for "X-, which is in good agreement with 
the value of unity predicted by the j - j model (Sa53) 
and the value of 0.5 observed in the isobarically 
equivalent reaction of proton capture to the 16.10 MeV 
state of (Th52, Gr54, Cr56). The L - S  model predicts 
the much larger value of 9 lor •
In conclusion it may be mentioned that Ferguson et al. 
(Fe60a) measured the Y-ray angular correlation for the
B^(d,n)C^2 (15*1 MeV) reaction (which is isobarically
1 1 1 2equivalent to the B (d,p)B  ^ground state reaction) and 
also found that the coupling was close to pure j- j coupling.
The small transition energy favours magnetic dipole 
radiation, because its transition strength depends on 
the cube of the energy, whereas that for electric 
quadrupole radiation depends on the fifth power of the 
energy. At such low excitation energies in the p shell, 
E2 enhancement due to collective effects is not expected 
to be large.
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4. CONCLUSIONS
The B ^ ( d ,p ) B ^  re a c t io n ,  in  which i s  l e f t  in  
the  f i r s t  ex c ited  s t a t e  a t  0*95 MeV, appears  to  be 
ty p ic a l  of most low Q, v a lu e , low bombarding energy 
s t r ip p in g  re a c t io n s , in  th a t  th e  p ro to n  angu lar 
d i s t r ib u t io n  may be in te rp re te d  by th e  p lane  wave 
s t r ip p in g  th eo ry . Measurement o f th e  p - Y  angu lar 
c o r r e la t io n  shows th a t  th e  sp in  o f th e  le v e l  cannot be 
3+* The b e s t  d e s c r ip t io n  i s  o b ta in ed  i f  th e  le v e l  has 
a sp in  of 2+ and . th e  r e le v a n t  an g u lar momentum coupling  
scheme i s  c lo se  to  th e  j  -  j  l im i t .
The B ^ (d ,p )  r e a c t io n  in  which B^4- i s  l e f t  in  i t s  
ground s t a t e  i s  f u r th e r  from the s t r ip p in g  pole than  the 
r e a c t io n  lead in g  to  th e  f i r s t  e x c ite d  s t a t e .  I t  i s ,  
th e re fo re , no t unexpected to  f in d  th a t  the p ro ton  an g u lar 
d i s t r ib u t io n  fo r  th e  ground s ta t e  r e a c t io n  d e v ia te s  
c o n sid e rab ly  from th e  p lan e  wave p re d ic t io n s  a t  backward
an g les
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